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line  28,  "tetroganal"  should  read  "tetragonal" 

lines  30  and  31,  "ascrobic"  should  read  "ascorbic" 

line  24,  insert  "residence  time"  after  "atom  cloud" 

line  9,  "unto"  should  read  "into" 

line  11,  "nickle"  should  read  "nickel" 

line  31,  "for"  should  read  "in" 
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line  9,  insert  "a  solution  of"  between  "using"  and  "Cu 
line  24,  insert  "cold-trap"  between  "with"  and  "collection" 
line  2b  should  read  "to  improve  sample  throughput  rate." 
line  34,  insert  a period  after  "2700°C."  "CaOH"  begins  a new  sentence, 
line  28,  "spectra"  should  read  "spectral" 

line  26  should  read  "For  this  limited  range  of  excess  interferent, 
the  procedure  worked  well." 

line  1,  "AOAC"  should  be  followed  by  "(Association  of  Official 
Analytical  Chemists)" 

line  1,  "obsorption"  should  read  "absorption" 

line  21,  "overlap"  should  read  "interferences" 

line  22,  insert  "monocJiromator  by"  between  "the"  and  "landpass" 

line  2,  insert  "Ni"  between  "the"  and  "signal";  "flawes"  should 
read  "flames" 

lines  5 and  6 should  read  V...to  strongly  affect  its  sensitivity; 
apparently  (26F,  88F,  37F)  Cr  (III)  is  more  ..." 

line  10,  "Cr204“^"  should  read  "Cr04”^" 

line  22,  "manditory"  should  read  "mandatory" 

line  27  should  read  " . , . terni^erature  but  strongly  dependent..." 

line  31,  insert  "AA"  between  "(113F)"  and  "signals" 

lines  32  and  33  should  read  "...and  H3PO4.  All  interferences  except 
A1  were. . ." 

line  34,  "action"  should  read  "cation" 
line  5,  "nicelle"  should  read  "micelle" 

line  8 should  read  "...  and  found  Pt  interferes  with  Pd,  while  Rh..." 
line  6 should  read  "...  dilution;  the  lowest  Mg  value  for  samples...  " 


line  16  should  read  "...EDTA  and  analyzed  by  flame  AA  gave  satisfactory..."- — 

• vovtion 


line  29,  "was"  should  read  "used" 

line  35,  "bakcgrounds"  should  read  "backgrounds" 

line  6,  "gase"  should  read  "gas" 

line  9,  insert  "(MI-CA)"  between  "analysis"  and  "has  been" 
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The  present  review  covers  books,  articles,  anil  chaiitcrs  which  appearoil 
in  the  time  perioJ  between  November  1,  1975  aiul  November  15,  1977.  Unfort nnat o 1 i , 
'K'cause  of  the  late  arrival  of  some  journals  in  oiir  libraries,  it  was  not 
possible  to  inchule  all  publications  wliiclt  appeareil  in  November,  1977.  If 
is  hopotl  that  these  publications  will  be  iliscusseil  in  the  next  biennial  leview, 
anil  our  ai’ologies  ijo  to  any  authors  whose  recent  work  is  not  consiilereil  below. 

Over  2500  publications  dealinj;  with  the  reviewed  subject  have  appeared 
in  the  past  two  years,  forcinj;  us  to  reorganize  this  review  somewluit  and  to 
restrict  the  scope  of  the  material  being  covered.  Speci fica 1 Iv',  we  have  elected 
for  several  reasons  to  omit  completely  any  coverage  of  pajicrs  dealing  primaril) 
with  a|ip  1 i cat i ons  of  flame  emission,  atomic  absorption,  or  atomic  fluorescence 
spectrometry,  and  to  dwell  instead  upon  advances  in  theory,  technique,  and 
instrumentation  pertinent  to  those  fields.  Altitough  this  move  might  not  receive 
universal  .icclaim,  we  feel  it  can  be  readily  justified  on  the  following  grounds., 
first,  ajip  1 i cat  ions  of  analytical  techniques  are  treated  extensively  in  the 
biennial  review  of  .ANAIA  TI CAt,  Cllii^US'^K^■  winch  aiqiears  on  alternate  years,  the 
most  recent  of  which  was  published  in  April,  1977.  .Second,  applications  of 
atomic  spect rochemi cal  analysis  to  particular  problems  can  be  readily  locatoil 
througii  Uliemical  Abstrac^.  finally,  information  on  applications  of  flame  and 
other  atomic  sjiect romet r i c techniques  are  discussed  extensively  and  evaluated 
critically  in  the  excellent  series  Annual  Reports  on  Analytical  Atomic  Spectroscopy 
publishcil  by  the  (Chemical  Society,  located  in  Burlington  House,  fondon,  h 1\  OBN , 


l.iijllaiKl  (IJA,  laV).  IUmiii;  proiliu-ovl  .inmia  1 I \ , t ii  i '•  ii-v  i la*  iniil.iiii-.  I.n-  ni>M  c 
ciirroiu  information  on  ai'|il  icat  ions  tiian  uoiiKI  In-  |u'ssiliU'  in  a Uu-niii.il 
issuo.  I'urthormoro , tlic  i;roator  lonj^th  of  tho  annual  ror  iou  pormits  a nu'i-o 
iMK'Vv:  lopodic  and  detailed  discnssiiMi  of  toi'ies  than  is  possible  lu've.  \s  m 
previous  issues,  Voliunes  5 and  O of  ARAAS,  coverinj;  literatuie  appearing,  in 
calendar  years  1117S  and  1970,  respectively,  are  we  1 1 -orr.an i red  and  contain  a 
wealtli  of  information.  Both  printed  manuscripts  and  formal  presentations  are 
reviewed  and  critically  evaluatevl,  and  trends  in  atomic  speet  ri'inet  r>  an-  lu'ted 
and  documented.  The  autliors  and  editors  of  this  excellent  series  are  ti'  be 
commended  and  readers  of  the  present  review  are  stronyls-  ur.ced  to  consult 
ARAAS  for  more  detailed  information  about  specific  topics. 

I.ven  with  restricteil  scope,  it  has  been  necessary  to  limit  the  number  of 
articles  beini;  reviewed  here,  in  order  to  jirovide  a meaningful  coveraj;e.  The 
criteria  employed  in  chosinj’  articles  to  be  reviewed  are  similar  to  those  set 
down  in  the  jirevious  issue  (UiA1.  These  criteria  are:  11  No  paper  was  reviewed 
wliich  laritely  duplicated  another  or  incoriioratoil  only  minor  chanv;es  or  inno- 
vations compared  to  an  earlier  publication.  Included  in  this  eatej^orv  are 
articles  published  in  more  than  one  lanj^uave.  for  Journals  which  appear  in 
more  than  one  lany,uaj;e,  reference  is  made,  whenexer  possible,  to  the  Inylish 
version  of  the  Journal  despite  its  onlinarily  delayed  date  of  api'ea ranee.  In 
citing  hnglish  translations,  the  year  of  appearance  of  the  f.nglish  volume  has 
been  employed,  rather  than  the  date  of  publication  in  the  oi'iginal  language. 

Khen  it  has  been  necessary  to  cite  ;in  article  appearing  in  a language  other 
than  I'.nglish,  eery  effort  ''as  been  made  to  secure  the  fhemical  Abstracts  refer- 
ence and  include  that  along,  with  the  l-nglish  translation  in  the  literature  fited. 
7)  Most  papers  published  in  the  following  anal>tical  aiul  pinsieal  Journ.ils  ha\e 
been  reviewed  --  Advances^  in  Higti  Teiii^erat  ure  Chemistry,  \nalNst,  Analvtiea 


Chimica  Acta,  AnaUtical  Chemistry,  Analytical 


f 


Let  tors  , App  1 ieJ  Spoct  roscoiiy  , '-''•1  Sj^eet  roscojQ\’  Uoviews,  Atoinie  Ah'.urjit  i mi 

Nowslottor,  ij'itical  lU'vio\>’s  in  An;i  l_^r  t c;!  1 Lheiii  i s t !■>  , I'litUMl  Ui'\u-us  ni 
1:11V  i roiimciit  :i  1 Cont  ro  1 . c!!u'mio;il  I nst  I'uini'iit.it  i on  , (,'onihiist  i on  mul  Ihinio.  Ilic.li 
I oi'iporat  ui'o  Sc  i eiico  , I ns  t I'liiiicn  t s .iiiil  I xjn'r  i nionta  I Tci'lin  i <|iic's  , .lonrnal  ol 
I'oso  Ij^c  i cnco , .loiinial  of  Anal.\tical  flicni  i s 1 1'\  (l)SSIO,  .loornal  of  \|ipli<.’<l 

Spect  I'oscopy  (USSIO,  .louiiial  ol'  fliciiiK'al j:iliica  t i on  , .loiirnal  o(  t he  (Ijifical 

Soc  i ety  of  America.  Optics  aiul  Spectroscopy  (IISSK)  , Opt  i cs  (j.)jiiiiuni  i ca  t i on  , 

'i.’  I!’  Oij\l^  IViiijKM'atiii'e  l'li_vsic^s  aiul  fheniistrv,  Uevieu  of  Sciinlific 

l^ist  nnne^nt  s , Sj^iecl  rocluiiii  ca  _\iOa  I'arl  U,  Sj^iec' t rosciijp^'  t I'fs  , Talanla,  aiul 
I' resell  i us  ' Ze  i t sch  ri  ft  fth'  Ana  1 vt  i sclie  Olien^i^^.  S)  No  papers  piihlished  in 
unrovieweil  journals  have  been  consideretl.  IncUulcd  in  this  list  are  Aiiieri can 
Laboratory,  Research  and  Development,  1 ndust rial  Research , Laboratory  Practice. 
S}iecs  Speaker,  Laser  I'ocus,  Optical  Spectra,  and  other  trade  journals,  free 
journals  jirimari  ly  used  for  advertisement,  and  magazines  intended  for  consumii- 
tion  by  tlie  general  inililic.  4)  Only  a few  selected  publications  from  journals 
other  than  tliose  listeil  above  in  (J)  have  been  reviewed.  However,  particular!) 
innovative  publications  or  tiiose  of  fundamental  importance  have  been  revieweil, 
wliatever  their  source.  S)  As  stated  earlier,  tlie  em|ihasis  in  t li  i s review  will 
be  on  flame  spectrometry  and  on  studies  which  ileal  with  the  ilevices  intended 
to  be  direct  re]ilacements  for  a chemical  flame  as  an  atom  cell.  I'lius,  aiijili- 
cations  involving  carbon  or  metal  atomization  systems  will  be  reported  while 
those  utilizing  electrical  discharges  or  plasmas  will  not.  By  agreement,  IH!, 

radio-freipiency , and  microwave  discharge  sources  will  be  reviewed  in  the  section 
of  this  issue  entitled  l-.mission  Spectrometry,  authored  by  R.  M.  Barnes.  Be- 
cause of  the  increasing  attractiveness  of  radio  f reipiency- i nduced  jilasmas  and 


•I 


thi'ir  s ;r; ; 1 i t ' to  clu'i’i  i o;i  1 f l.iinos,  |•^.';ulors  .ii't'  iit'r.oil  to  oi'iisiilt  tln'  .ipi'i'o- 
I'riato  sov:tioii  of  tiio  roviow  In-  Itanio-, 

riu’  I'fi'sont  i-ov  i ow  has  hooii  orj;ani^oil  aloiii;  line-,  '.iiiiil.ii  to  I lio-o 
oin]’ 1 ON'Ovl  hotofo  tU'M.  l\ot  oi'oitoos  Itat'i'  hoi'ii  );i'oii|'i'il  ititi'  si\  maioi  -.ov  I loti-, 
which  liavo  hoon  iliv  iiloJ  alonj;  linos  wo  fool  wi  II  Iw  most  iisot’iil.  Ihosi' 
soot  ions  are:  A.  Uoviows,  hooks,  anil  h i h 1 i oj;  faph  i os ; h.  l-'iinilamont  a 1 Stmlii's 
in  I hunos;  f.  Ailvancos  in  I nstnunontat  ion  ; D,  i;  1 oct  not  hofma  1 aiul  folil 
I \apoi'  Atom  I'ormation  Dovioos;  i:.  Dovolopmonts  in  Toohniiino  anil  Proooiiufo; 

1-.  Analytical  Comparisons  ami  l-ij;iiros  of  Merit  „ Uoforoncos  portainin;’.  to 
each  section  have  hoon  listoil  in  alphahotical  onlor  within  each  soot  ion  ami 
listed  under  literature  Cited. 

S i jtn i f i cant  1 y , we  have  elected  to  assijpt  a separate  section  to  electro- 
thermal and  cold  vaiHir  atom  format  ioti  devices  in  the  [iresent  re\  iew,  refloc- 
I tin.U  the  increase  in  interest  in  these  devices  over  the  jiast  two  years,  I'ho 

high  incidence  of  recognized  matrix  interferences  with  such  devices  is  offset 
in  manv  aj'pl icat ions  hv  their  high  sensitivitv.  Moreover,  fundamental  studies 

i 

being  directed  at  understanding  the  atinii  formation  processes  within  electro- 
thermal atomizers  offer  hope  that  such  interferences  might  he  overcome  in 
the  future.  Until  that  time,  however,  it  is  our  opinion  that  the  chemical 
flame  will  remain  the  atom  reservoir  of  choice  for  the  majority  of  determin- 
ations employing  atomic  ahsorjition  or  atomic  fluorescence  sju'ct rometr> . Other 
trends  notable  in  the  last  two  years  are  t!u’  growing  interest  in  the  dove  1 ojiment 
of  new  techniipies  and  instrumentation  for  multi-element  analysis  and  tlie  emer- 
gence and  acceptance  of  Zeeman  modulation  approaches  to  background-corrected, 

•'  high-precision  atomic  absorption  spectrometry.  Accordingly,  individual  sub- 

! sectio?\s  of  this  review  have  been  provided  for  each  of  these  areas. 
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The  wost  s i j;!i  1 1' i eaiU  ocouitoikh'  in  tiu'  .ire.i  ot  aUniiu'  ilmiii' 

the  past  biennium  has  been  tlie  i nt  I'Oi.lue  t i on  aiul  ent  bus  i as  t i e ta'ei’pl  i I'li  i>l 
commercial  inductively  coupled  plasma  torclies  for  emissiini  spi'c  ( romet  r i c 
analysis.  Altlunie.h  such  sources  are  not  tlie  subject  of  this  tan  i e\» , i lu- 1 1 
similarity  and  unavoidal)  le  comparison  to  chemical  flames  invites  brii-f  comment. 
In  short,  tlie  If!’  ti'rch  is  relativeJv  .sim|>le  to  use,  /'rovides  exfi'emely  hii;h 
sensitivity,  low  matrix  i nt  er  fer'enees  , and  mu  1 1 i -i' I ement  analssis  capal’i  1 1 1 i e-. 
tor  samples  in  solution.  ('onse(|uent  I > , in  man)’  wavs  it  is  elearl\  superior 
to  the  cliemical  I'lame.  Ilowerer,  the  I TP  systems  now  available  are  extreme^ 
expensive  (a[iprox  i ma  t el  >■  $10,000  for  source  alonej,  ex|)ensi\e  to  operate, 
hulk)’,  and  less  conx’enient  to  operate  than  ty])ical  flame  sjieet  rometers.  In 
aildition,  the  ITI’  discliarj^e  venerates  extremely  stronj;  ami  hijthl)  structured 
backj^roiuul  radiation,  which  requires  a hi);h  disj’iersion,  low  scattered  radi.ition 
s|iect rometer  for  accurate  analyses,  final ly,  subtle  interelement  effects 
ap|HMr  to  exist  witliin  the  ITT  which  are  only  now  bei;innin_i;  to  be  appreciated 
and  understood,  tlonseipient  1 y , it  is  expected  that  ITT  systems  will  t'ind 
itreatest  use  in  laboratories  where  hi;;h  sample  throuy.hput  is  imperatixv'  and 
wliere  determination  of  at  least  five  elements  in  each  sample  is  required.  in 
most  other  cases,  the  low  cost  and  simplicity  of  atomic  absorption  instruments 
will  secure  their  )iosition  in  the  analytical  laborator)  . 
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^ V , IM  '>' ! j VV-rVJ,’',’ ! VY  ' 

Iroiuls  aiu!  events  of  imiiortanee  in  a na  1 > t i e,i  I flame  einissuin.  a t om  u 
absorption,  and  atomic  fluorescence  spec  t romet  r>  can  In.'  |•^.'adil^  recoiMii . I'd 
from  the  proceedinj;s  of  the  im|H>rtant  biennial  International  t'onferences  on 
\tomic  Siiect  roscopy , aitd  it  has  become  a custom  to  nport  biii'fl\  on  t hosi- 
conferences  in  this  review.  I nterest  i np,  ly , two  such  conferences  were  held 
in  the  past  biennium  and  both  were  sponsored  jointlv  with  other  organi- 
zations. The  regularly  scheduled  International  Conference  on  Atomic  Spec- 
troscopy (ICAS)  was  held  in  Prague,  Czeclios lovak ia  from  August  8 to  Septem- 
ber 7,  1977.  However,  in  honor  of  /America's  Bicentennial  celebration,  an 
additional  conference  was  held  in  Phi  hulelphia  from  November  IS  through  19, 

Ui'i).  Significantly,  both  these  conferences  combined  ICAS  with  another 
im|iortant  international  spectroscopy  conference,  the  Collocpiium  Spectro- 
scopicum  Internationale.  Additionally,  the  Philadelphia  meeting  was  co- 
hosted by  the  .American-based  I'ederation  of  Anal>’tical  Chemistr>  and  Spec- 
troscopy Societies. 

Uegrettabl  >■,  the  Philadelphia  conference  was  cons  i derab  1 )•  larger  than 
most  previous  ICAS  meetings  and  its  theme  far  moi'e  ili  verse.  Consequent  1 \' , 
the  impact  of  atomic  siiectroscopy  was  greatly  diluted  and  the  large  inmiber 
of  parallel  sessions  necessitated  missing  several  potentially  important 
papers.  Nonetheless,  the  overall  quality  of  pajiers  iiresented  at  the  con- 
ference was  high  and  their  acce]itance  jiositive. 

flic  conference  in  Czeclioslovak  ia  was  more  focused,  although  it  also 
covered  topics  other  than  analytical  atomic  spectroscojn' . The  conference 
was  unusual  in  its  format  in  that  it  consisted  of  two  pai'ts.  The  first 
part,  atteiuleil  b\'  all  conferees,  was  held  in  Prague  from  August  to 


L.  1 


I 


Ji 


f 


Si'i’t  I'niluM'  ■>,  l'.)77.  Ill  tills  pr  i no  i p:i  I p;irt  I'l'  tlu-  iiks' ( i up, , ,1  l.ii'pi'  niinil'fi- 

I 

of  >.li\'orsi'  topics  uas  covoroJ,  i no  I lul  i iii’,  otoiiiic  spec  1 ri''.cop\  .iiul  iii.iin  oilui- 
spoct  roiiK't  r ic  niotluHls.  lo  I 1 ok  1 ii;',  tlio  priiicip.il  conp,  ross  , -.is  spniol-ii'pic 
"mi  n i - SMiipos  i a"  woro  hold  at  various  locations  t li  roiir.lion  l ('.■  oclu','.  1 ,u  .ik  i ,1 . 
t)f  jtroatost  interest  to  individuals  iiuolved  in  atomic  spectroscopx  koiiUI 
he  the  symposia  on  "Optimization  of  Spect rochem i ca I Methods,"  on  "Sjiectro- 
chemical  Vnalysis  of  Metals"-  and  on  "i;  I ec  t rot  he  riiia  1 At  oiii  i za  t i on  rroce'-sc-- 
in  Atomic  Absorption  .Spec  t roscop>"  • In  our  v i i-k  , this  tKo-]iart  format  was 
hiphl>  effect  i\e  and  useful,  and  enabled  conferei's  not  only  to  broaden 
themselves  b\  atteiulini;  sessions  outsiile  their  main  area  of  interest,  but 
also  to  focus  later  on  s|iecific  topics  in  which  the\’  had  more  detailed 
i nterest  . 

Overall,  both  the  ]irincipal  conjti'ess  and  m i n i -sympos  i ;i  were  well  organ- 
ized, located  in  settings  conducive  to  scientific  exchange,  and  well-attended 
by  individuals  from  tbrouphout  the  world.  Invited  lectures  presented  at 

the  principal  conjiress  have  been  compiled  in  two  volumes  entitled  "Proceed-  1 

inys  of  the  X\  tio  1 kniu  i uiii  Spectroscopi  cum  Internationale  and  7th  Inter- 
national tionference  on  Atomic  Spectroscopy"  and  is  available  from  the 
lizechos  1 ovak  Spectroscopic  Societ)'  of  the  ilz echos  1 ovak  Acadeiin  ol'  Sciences, 

Prague,  (Czechoslovakia.  Unlike  in  iiuist  meet  i nps , all  plenar>’  lectures 

were  held  on  the  same  da\',  and  were  1 eil  In'  a talk  In-  Sir  Alan  IValsh  of 

. 

(CSlRtk  Autralia.  on  "Non-d  i spers  i ve  S>stems  in  Atomic  Spectroscopy." 

IValsIi,  who  was  recently  kni.uhted  for  his  scientific  contribution  to  the 
field  of  atomic  spectroscopy,  elaborated  on  a system  first  described  in  tlie 
previous  ItCAS  in  Melbourne  in  UIT.S.  The  system  is  extremel>'  flexible  and 
enables  one  to  emplo>'  sputterinjt  discharifos  or  flames  in  a variet\  of  wa>s. 


s 
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I IK' hui  1 nj;  tlioir  uso  ;is  |>i'ii!i,ii'\  si'uri'os  vif  i-.ul  i ,i  t i imi  , .i--  .iioiii  i >•  1 1 ••  i.m 
coni' ra  t 1 nj;  atoniio  vapor  from  s.impio  matorial,  or  a-,  ro'-onaiuo  nu'itok  In  o .a  t or  . 
\JJitiona!  ifofails  oi)MO<.'n’ i no  this  systom  oaii  hi'  ohrainoi)  Irinn  ri- 1 <■  .•■oiii  a- 
oitovl  in  .1  later  soot  ion.  In  another  proson  ta  t i I'li . lioorr.i'  'lorn  ■on  .>i 
llornoll  University  utulorlinoil  the  importanoo  of  traoo  olomont';  in  t'U'U')',i- 
oa  1 materials  anil  eomiiaroil  inethoils  eurrently  availahle  for  theii'  anali'ii-'. 

Ills  methoils  ineliuloil  atomie  absorption  spee  t rimiot  ry  (WSl,  o 1 oe  t rvit  henna  1 
\\S,  omission  spee  t roseo]'>>' . iiuhietiveli  eoupletl  plasma  '^poe  t romol  r\  , iii'iilron 
aetivation  analisis,  spark  souree  mass  spee  t roiiiet  r>  , aiul  \-ra\  f liiori'sei'iiee 
sjH'et  rometry . Morrison  eoneliKloil  that  no  single  teehnii|ue  eiirrentl\'  provides 
suffieiently  hicli  sensitivity  for  all  elements  now  known  to  be  important  in 
biolocieal  systems.  However,  e 1 ee t rothonna  1 atomization  A.VS  pro\  ided  the 
best  eompromise  of  hich  sensitivity,  aceeptable  aeeuraey  and  preeision, 
and  low  instrumental  eost. 

In  the  balanee  of  the  prinei]ial  part  of  the  eonitress,  several  trends 
seemed  evident,  ihie  apjrroaeli  whieh  seemed  to  C'*'''  momentum  is  the  eoui'line 
of  atomie  absoi'i'tion  speetrometrv  and  plasma  si'i'et  romet  r>  with  sei'arations 
techniques  such  as  liquid  and  ehroma  tocraphi- . Sueh  a eombination  enabU'^ 
one  to  determine  not  onl\'  whieh  elements  are  present  in  a siuiq'le  but  also 
to  determine  the  state  of  sueh  elements  and  in  what  eompounds  they  are 
bound.  \lso.  the  entrenehment  of  e 1 ee trot  henna  1 atomization  techniques 
into  atomie  absorption  was  evident,  as  was  the  inereasinc  aeeeptanee  of 
Zeeman-moilu  lat  i on  toehniques.  Althouch  atomie  speetroseopi  st  s are  beeominr, 
eocnizant  of  the  jiitfalls  of  eleetrothennal  atomization,  the  sensitiviti, 
eonvenienee,  and  small  sample  requirements  of  the  teehnique  override  these 
obieetions  in  manv  eases 


1) 

Sovei'iil  liooks  ]H'rl  1 i 11  i 11;.;  to  or  i.lo;iliM!',  with  I'l.iino  oiiiission,  oioinio 
• ihsorpt  i on  , or  otoiiiio  I’ 1 iiorosi'i'iK'^'  sih'o  t roiiiol  r\  l\,i\o  .i|ipo:i  ri'J  in  t ho  I'.i-l 
two  >(.Mrs.  I'ho  tiiirii  xoluino  ot‘  t lu-  I'xtronioiv  usol'iil  -.orio--  oJiio.l  I'v  .i . 

\.  I'oan  and  1'.  t.' . Rains  (7;\1  is  now  aval  lahio  .iiul  vont.iins  rourtoon  oli.iploi'. 
covorin;^  the  determination  of  S(>  elements  in  matriees  of  various  kind'-. 
Important  lines,  sensitivities,  detection  limits,  excitation  conditions, 
interferences,  separtit  ions  and  applications  are  provideil.  linfort  unate  1 >' , 

\>.r\  little  information  is  presented  on  applications  ol'  e 1 ec  t rot  lie  rma  I 
or  other  non-flame  atomi'cations  methods.  However,  electrothermal  atomita- 
1 1 on  is  treated  in  detail  in  the  text  on  that  suliject  by  f.  W fuller  lll.\''. 
i tiller  treats  both  apj' 1 i cat  i ons  and  tlieoretical  aspects  of  these  important 
atomizers,  but  emphasizes  in  his  fundamental  treatment  onlv  tlie  vaporization 
and  dissociation  of  oxides,  making  the  tre;itment  limited  in  its  utilit.v. 

In  addition,  many  of  the  siiortcom  i ngs  of  e i ec  trot  lieniia  1 methotls  are  not 
carefully  documenteil.  .Vn  fnglish  edition  of  tlie  book  bv  Welz  (Id.M  has 
lieen  published  and  is  substant  i a 1 1 > updateil  from  the  pi'evious  (’lerman  version, 
(he  new  text  contains  a tliorougli  coverage  of  electrotlieniia  1 atomizers,  (iro- 
vides  fundamental  information  on  electrothermal  atomization  meclianisms 
and  instrumental  innovations  and  lists  a number  of  applications  of  such 
vlevices,  .'\  new  volume  eilited  by  W'inefordncr  (■17,\)  ileals  with  atv'mic  spec- 
trochemical  techniques  from  a very  practical  viewpoint  ami  compares  such 
technic|ucs  with  others  useful  for  trace  analysis.  The  book  is  an  excellent 
reference,  useful  for  selection  of  methixls  to  scilve  specific  analvtical 
problems.  A basic  textbook  by  Schrenk  (.^lAl  also  discusses  atomic  spectros- 
copy but  em(ihasizes  optical  emission  techniques;  onlv'  half  of  tlie  book 


will  be  useful  to  flame  sped  roscop i s t s . 


In  avKlition,  some  ot'  tlu-  i nst  rumentat  i vni 
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wliicli  l^  pri'si'nt  oO  is  sdiiu'wIki  t Oata  (.aanp  i I at  i oils  nsi-)'ul  lo  att'iiiu- 

spi'i' t iMScoju  s t s liavo  luH'ii  piil'lislusi  1'n  Kolijiison  (.ISA)  aiiil  liv  Moi'.i'.o  rs , I'oili 
aiiil  ScriliiU'r  (JoA).  Tlu'  Robiiison  voliinu'  koiilanis  lal'lf.,  I lu  I iiil  i iic 

OIK'  listim;  haiul  lioails  lor  mo  1 1'lii  los  romnioiil\  I'oiiiiil  in  Mamc.  aiul  .1  iianrisl 
u.ivi' h'iii;t  li . Mor.i'.ors,  ol  al,,  liavo  iipOati'il  t hr  oarlii'r  tahlr  i>l  -.porlr.il 
lino  iiilonsilios  piih  1 i slioil  hr  I ho  National  Itiiroaii  (O'  Sfaiulanls  and  iiuliulod 
.0,1, (UUI  spool  ral  linos  whioh  liavo  hooii  ohsorvod  Croiii  t'laiiu's  and  oloolrioal 
d i oha  rip' s . 

An  i lit  oro'.t  I iij;  historioal  aooinint  of  tho  impart  of  flaiiii'  sport  romot  r\ 
I'll  proh  lom-so  1 V i nr.  was  narratod  by  hot  t or  idj'.o  (ivA).  llsinr,  flaiiu'  omission 
ti'rhniiiiios  as  an  oxamjilo,  tho  narrativo  shows  how  analvtiral  mothod'i  ilo  not 
alwa\s  arisi'  in  ri'sponso  to  simio  sporifio  nood  or  probU'in,  hot  ari'  ofti'ii 
dovolopod  i ndo|K'ndi'nt  I y and  ahi'ad  of  or  paralh'l  with  I lu'o  ri' I i ra  1 ronro|’l  •• 
o\p  I a i II  i n.r.  thorn.  Tlu'  historioal  arooimt  by  horns  (lA)  i mori'  dotailod 
and  ol'  r.ri'ator  bri'adth,  rovoriii)’,  tho  ontiro  soi'po  oi'  atoiiiir  spi'o  1 rosr I'py . 

In  rontrast,  t lu'  voliiiiio  t'd  i t od  by  l.aitinon  and  fwinr,  (dlAI  rovii'ws  tho  on- 
t i ri'  hi'.tori’  of  analvtiral  rhomistry  and  onablos  oiu'  to  plaro  ailvanri's  in 
.iloiiiir  spi'r  t rosoi'pi’  in  a ri'alistir  porspi'ol  i vo. 

Still  till'  most  ii'.ol'iil  roviows  in  atoiiiir  sport  rosropy  aro  tho  "Annual 
Koports  on  Analyliral  Atoiiiii'  Spool  rosoopi"  ( I JA , ISA)  wli  i rh  wi'ro  iiionl  i I'lU'd 
oarlior;  o\or>  iiulividiial  intorostod  in  t h i •;  fiold  is  slroni;l\  advisod  to 
oxaiiiino  thorn,  llowovor,  for  an  up-ti'-dato  ra  t o.r.or  i .’od  b i h I i op  rapho , ri'adors 
ari'  dirortod  lo  tho  poriodir  roiiipi  la  I ion  by  Slavin  and  l.awronro  (SIA-S'A). 

Sovoral  roviows  liavo  inrliiilod  flaiiU'  spor  t romot  ri  r mi'thods  in  t lu' i r 
ovorviow  of  sport  rosropir  lorhniiiuos.  Aiiionr.  thoso  aro  thoso  b\  I Isor  (I'M, 


I 
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wlio  ompluis  i ;od  i ns  t I’lmuMir, 1 1 i on  ; liv  I'iko,  I'lMiik,  niul  I'rolti'i-  (li'V),  ulio  .1  I '.o 
00ns  i do  rod  hi.nh-tomiH'i'nturo  niolooulnr  s|u'o  t ri'soo|i\- ; .ind  h\  k 1 1 nk  oidu- ri'. 
wlio  inoliidod  niK'lonr  mothods,  IV  i no  ford  nor  (loA)  n 1 si>  oonip.i  roil  sovornl 
analytical  tochninuos,  inoliuliiyc  atomic  spoot  rosoopy,  wliili'  Vc-ilUni  (oP\) 
and  Walker  l-llA)  restricted  tlioir  discussions  to  atomic  motliods. 

Introductory  treatments  ol'  atomic  absorjition  spool  romotry  wore  |>roparod 
b>  I'av  i s (OM  , l.;m>;  (ddA),  and  Williams  (ISA).  The  ri'viow  b\'  Aidarov  (I\) 

'•I'rvod  well  to  ov;iluato  tlio  prosi-nt  status  ol'  atomic  alisorpt  ion,  luit  omplia- 
sicod  t lie  utility  of  rosonanoo  dotootors  in  now  AA  i ns  t riimi'n  t a I i on . Ui'vioK'. 
have  bocun  appoarinjt  whicii  ompbasizo  I'urnaco  or  oliomioal  methods  of  atomization 
in  atomic  absorjition.  Incliulod  in  tliis  catojtoi'y  are  tlioso  b\’  Massmann  (21  \l, 

S'naw,  (Ittaway,  and  l.ittlojobn  (,  aJAl  , and  Skudaov,  Shipitsin,  and  Morozov  (oaAl, 
l.'vov  (2.AA1  also  provided  an  overview  of  the  use  of  atomic  alisorption  for 
tile  characterization  of  powders,  while  (lold'shtein  and  Yudeli.ieh  (IfAl 
considered  indirect  atomic  absorption  methods  for  anion  and  non-metal  deter- 
mi nat ion. 

Heviews  dealing  spec  i f i ea  I 1 >■  with  atomic  f I uoresei'iiee  spi-et  roseopi 
include  those  b\'  West  (IIA'),  Kazumov  (27A),  aiul  Sanz-Medel,  I’erez-bust  amant  e , 
and  Burri e 1 -Mart i (30A). 

i 

A number  of  reviews  have  ilealt  with  the  aiiji  1 i eat  i on  of  flame  emission,  j 

atomic  absorption,  or  atomic  fluorescence  to  sjiecific  areas.  The  use  of  ; 

these  techniques  in  clinical  chemistry  has  been  outlined  b>'  Oulka  and  Risby  ^ 

1 

(8A),  Caraway  (BA),  MeCill  and  Kowalski  (2SA),  and  ITiehs,  Horne,  and  McIntosh  !' 

(llA).  Walker  ( lOA)  described  how  atomic  absorption  is  employed  in  forensic  j 

science  while  Uubeska  (JHA)  emphasizi'd  applications  in  reoloi’v  The  oierview 
by  Welz  (t.'A)  included  a number  of  industrial  app  1 i ea  t 1 on-. . i 


l| 


The  use  of  st:iiui;i  n.ls  is  ossoiitiiil  to  t lio  siivooss  ot'  riiiiiio  :iikI  I'iiiii.ki' 
spoctroinctric  toclin  iipios  (iiulooil,  to  most  aroiis  of  spoct  i cj  I iiiio  1 \ s i •- ) . 

(ioiiscquont  ly , the  now  gelatin  t raco-o  kMiiont  ro  fo  fotioo  iiia  t o f i a I dose  r i l>c<l 
b>'  Anderson,  Murpliv  , and  Wliito  (^JA)  is  woleome. 

Also  welcome  is  tl>e  exposition  on  nomene  lature,  symliuls,  nnils,  .iml 
tiuer  usaj^e  in  atomic  speet  roseojiy  pnh  I i slu-d  h>’  llll’Al!  (l7A-inA).  IVe  siroiii;l\ 
endorse  a more  ri^;iil  definition  of  terms  in  speet  roelu'm  i ea  I analysis  and 
support  the  suhst  i tutiiion  of  the  term  "eharaetei'i  st  ie  eoneent  rat  i on"  for 
the  amhiguous  word  "sensitivity"  frequently  employeil  to  designate  the 
solution  concentration  which  produces  To  absorption  in  AA. 


Most  of  tlie  publications  discussed  in  this  section  pertain  direct!)’ 
to  flame  emission,  atomic  absorption,  or  atomic  fluorescence  s]iectromet ry. 
However,  others  jtleaned  from  physics  or  enjjineerinjt  literature  liave  alsii 
been  included  when  they  contain  information  of  fundamental  im|K>rtance  or 
having  potential  practical  aj))’!  i cat  ion  to  analytical  atomic  si>ect  romet  r>  . 

and  Zolotavin  (1)711)  investigated  experimental  parameters  affecting  ilropli-t 
size  distribution  and  saiiqile  transport  efficiency  for  both  peripheral  and 
concentric  pneumatic  nebulizers  and  concluded  that  the  concentric  tyiH'  was 
better,  l•urthermore,  nebulization  efficiency  was  improved  by  minimizing 
capillary  wall  thickness  and  maintaining  as  small  a distiince  as  possible 
between  the  capillary  tij)  and  concentric  itir  port.  Strangely,  I'ainennan  (AAUi 
found  that  a concentric  nebulizer  operated  at  subsotiii.-  nebuliziii!;  gas  flow 
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velocities  was  not  stron>:ly  affoctotl  hy  tlie  location  of  tlic  nel'iilirci-  luho. 

In  tlieir  study  on  tlic  mcclianism  of  ultfasonic  ncinil  i nat  ion,  Hassctt  and 
Brijilit  (.111')  emphasirod  that  droplet  formation  from  liipiid  icts  is  simil.n, 
no  matter  whether  the  disruptive  enerj;y  he  supplied  inieuma  t i ca  1 1 \ or  ultra- 
sonically.  Usinjj  high-siH'od  motion  pictures,  they  observed  capillary  waves 
on  the  surface  of  the  disruiUed  liquid  and  the  development  of  htihhles  within 
it,  indicating  that  both  cavitation  and  wave  foniiation  contributed  to  the 
spray  formation.  Muzgin,  (Irigor'ev,  and  I’upyshev  (IJIlt)  also  studied  ultra- 
sonic nebulization  and  ascertained  that  approximately  UO".  of  the  generateil 
spray  consisted  of  droplets  less  than  8 iim  in  diameter,  if  the  ultrasonic 
driving  frequency  was  a|iproximately  3 Mllz.  Electrostatic  spraying  was  examined 
by  Buraev  and  Vereshchagin  (21B),  who  noted  that  spraying  iiuality  ileterior- 
ated  as  the  conduct ivi t>’  of  the  liquid  being  nebulized  increased,  from 
this  observation,  it  would  appear  that  electrostatic  spraying  has  little 
future  in  analytical  flame  spectrometry. 

I'.nhancement  of  flame  spectromet  ri  c signals  through  use  of  organic 
solvents  is  well  known.  Szivos,  I'olos,  aTul  I’ungor  (ISHH)  examined  this 
process  in  detail  ;itul  attribute  the'  observed  sig.nal  increase  to  both  imj'rove- 
ments  in  aspiration  rate  and  reiiuction  in  droplet  size  ft)r  the  organic 
solvent.  Uouth  and  Denton  ( lUilf)  separated  these  factors  by  use  of  an 
ultrasonic  nebulizer  and  observed  a signal  enhancement  in  a reducing  acety- 
lene flame  that  was  due  jir  i nc  i jia  1 ly  to  increased  nebulization  rate.  In  lean 
flames,  an  additional  enhancement  arises  for  some  elements  through  addition 
of  reducing  species  to  the  flame. 

It  has  long  been  knowti  that  ilroplets  of  a combustible  solvent  burn 
irregularly  for  a short  period  after  ignition.  l.aw  (DdB)  has  concliuled 
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that  droplet  Ivoatinj;  is  the  source  of  this  instahilitv,  and  in  a later  ' 

study  calculate!.!  that  the  instability  would  he  much  the  same,  no 

matter  whether  convective  or  conductive  heat  transport  within  the  ilroplet 
, was  control  1 inji.  Conveniently,  under  conditions  expecteil  in  flame  spectrom- 

etry, no  significant  departure  from  the  expected  constant  rate  of  droplet 
I surface  contraction  is  expected.  Kaghun.indan  anti  MukuiRla  corrected 

I for  changitig  thermal  conduct  iv  i t>’  and  heat  capacity  in  the  metlium  surrouiul  i nr. 

eva])orating  drojilets  and  obtained  closer  aj; reement  with  theorx-.  \i|ueou'. 
tlroplets  containing  ilissolvctl  solutes  INaCl  anil  (iat!!;.  mixtures)  evaporate 
more  slowly  than  pure  water  droplets,  according  to  Colli,  Arnaud,  Bricard, 

I and  Treincr  (44H) , and  the  difference  can  he  ascribed  to  solute-solvent 

i interactions,  for  very  small  charged  droplets  (less  than  10'^'  cm),  ions 

! can  actual Iv  separate  or  ''evaporate"  from  the  droplet  as  it  desolvates. 

t 

1 

Such  a process  might  he  important  in  flame  spectrometry,  since  droplets 
are  always  charged  during  ]ineumatic  nehul  iz;tt  ion.  However,  such  small 
drojilets  could  only  he  produced  upon  evaporation  ot'  fairl\  low-soluto 
so  I u t L on  s . 

I'he  change  in  mass  and  volume  of  an  aerosol  droplet  as  it  evaporates 
in  an  analytical  flame  influences  the  velocit)’  of  the  droplet  within  the 

flame,  as  shown  theoretically  hy  Boss  and  llieftje  ( InB)  and  hy  l,i  (liSB) . 

The  decreasing  droplet  volume  reduces  the  upward  force  exerted  on  the 

droplet  hy  flowing  flame  gases,  whereas  reduced  droplet  mass  lowers  the 
oiiposing  gravitational  force;  the  overall  result  is  a more  rapid  increase 


in  drojtlet  velocity  than  iiredicted  hy  earlier  models  involving  constant 
droplet  size,  from  these  calculations,  drojilets  are  moving  essentiallv 
at  the  flame  gas  velocity  hy  the  time  desolvation  is  complete;  consoipient  1 v . 
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tlic  rcmainiiijj  pai-ticlos  rcsiilc  in  an  ossont  ia  1 !>'  (|ii i nsi-i-n i mu' i i i'niin-n I , 
situation  which  inarkotil)'  affects  their  vapori  "at  ion.  lihosh  aiul  Nataraian 
(42B)  also  examincil  the  effect  of  droplet  evaporation  on  its  velocit>. 

Droplet  sizes  and  their  velocities  can  both  he  measurevl  with  a new 
rotat ing-mi rror  technique  devised  by  folfo  and  Standt  (KilB).  In  tlie  new 
metliod,  a stroboscopic  photograjih  of  droplets  is  obtained,  enabling  their 
measurement;  velocities  were  determined  by  blurring  of  droplet  images. 
Webster,  Weight,  and  Archenold  (lti9BJ  employed  holography  to  obt.ain  instan- 
taneous droplet  size  determinations  within  a flame.  Spectral  filtering 
of  tlie  laser  radiation  eliminated  interference  from  flame  background, 
enabling  droplets  as  small  as  several  nm  to  be  seen.  We  assume  it  would 
also  be  possible  to  double-pulse  the  laser  to  obtain  a double-exposure 
hologram.  Droplet  velocities  could  then  be  determined  from  the  displace- 
ment of  individual  droplets  during  the  interval  between  pulses. 

Advances  in  technique  for  the  measurement  of  submicron  jiarticles 
will  greatly  aid  the  ileterminat i on  of  particle  vaporization  mechanisms 
in  flame  spectrometry.  Mallove  and  Hinds  tllSB)  have  devised  a new  instru- 
ment which  employs  both  differential  seil  i ment at i on  and  light  scattering  in 
a specially  designed  centrifuge  to  enable  the  measurement  of  particle  sizes 
below  5 pm.  Schwartz  and  Andres  ilSlB)  liave  constructed  a t ime-of-f 1 ight 
aerosol  spectrometer  suitable  for  flame  sampling  and  sensitive  to  particles 
below  1 urn.  A helium-neon  laser  and  silicon  photodiode  array  were  employed 
by  Knollenberg  (86B)  to  obtain  both  size  and  shajK'  information  on  aerosol 
particles  having  diameters  between  1 and  10,000  ym.  Refinements  in  theory 
for  determining  particle  sizes  through  light  scattering  were  announced  by 
Heller  and  Nakagaki  (tvlB) , I’enner,  Bernard,  and  derskey  {152B'),  and  Roth, 
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I'lObhart,  aiui  lleij^vvor  (llIilM. 

I’aiilo  iuitC(.l  tliat  t Ito  cati'  ot'  ovaporation  oC  \l  a' j partulr-. 

increases  li  i scout  inuoii  si  >■  when  the  particle  melts.  Throuj’.h  iletailed  inves- 
tigations, I'anle  vleterniined  that  the  particle  evaporation  et'olTi  e i ent  ^ 
remain  constant,  Init  tlnit  particle  emissivitv'  increases  il  i scont  i nuoiis  1 y 
upi>n  its  fusion,  causing  a rapid  temperature  Jump  and  increaseil  va]iori  cat  iiin 
of  the  particle  at  that  time.  If  emissivitv  changes  indeeil  affect  particle 
vaporization  to  such  a degree,  one  wonders  whether  the  iiltenomenon  could 
not  he  emivloyed  to  advantage  in  flame  spect  romet  rv’  and  also  to  what  extent 
the  intense  background  from  >iomc  highlv  efficient  flames  enhances  particle 
volat i 1 i zat ion. 


excellent  series  of  articles 

by  1,'vov  and  his  coworkers  (lOJB-lllB)  t\as  now  beeti  translated  into  fnglish. 
live  first  three  manuscripts  in  the  scries  1 lOJIl-lOJltl  considercil  the  jirvi- 
duction  and  d i s tr  i but  i on  of  ati>ms  along  flames  supportevi  on  slot  burners. 
Models  were  [vroposed  and  developed  that  predict  the  cross-sect ivnia  1 distri- 
bution of  jiarticle  aerosols  in  a long-path  flame.  because  this  distribution 
is  dejicndent  on  the  particle  size,  tive  autiiors  ]ioint  out  that  all  factvus 
should  be  held  constant  which  affect  [larticle  size  in  convent  i ima  1 atomic 
absorption  spect romet rv.  In  [larticular,  standards  and  samples  should  both 
have  volatile  matrices  whenever  possible,  and  should  not  contain  species 
that  form  complexes  with  the  ;inal\te.  In  an  extension  of  their  movie  1 , the 
authors  also  show  that  final  atom  concentration  at  any  point  in  a slot  flame 
depends  on  matrix  volatility,  the  diffusion  coefficient  of  tile  atv'tiis,  and 
tlie  flame  gas  velocitv.  ibis  moilel  is  usevl  to  explain  "lateral  vliffusion 
interference"  effects  and  can  be  emplivvvxl  in  a simplv'  sclumie  for  measuring 
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atomic  dittusioii  coot't' i c i out  s in  hot  j^asos.  In  comimin  i oa  t i ons  I aiul  (>  of 
thoir  sorios  (lOSH,  , thoso  workors  consiilor  t'l.iwc  I ompo  ra  t nri's  .niil 

composition  and  thoir  ot't'oct  on  atom  formation.  IMahorato  calculations 
wore  performed  to  determine  temperatures  and  equ i 1 ihri urn  compositions  of 
nitrous  oxide-acetylene  and  air-acetylene  flames.  One  of  tlie  i nterest  i nj; 
findinj’s  is  that  neither  flame  should  contain  ul  traviolet-ahsorhinjj  s[)ecies 
when  it  is  fuel  rich.  Also,  a new  metluxi  for  flame  temperature  measui'ement 
was  iiroposed  which  is  based  on  the  measurement  of  the  ahsiirption  of  two 
spectral  lines  from  a narrow  band  (hollow  cathode- 1 i ke1  source.  Because 
the  method  relies  on  absorption  rather  than  emission,  it  describes  a tempera- 
ture related  to  differences  in  lower  ratlier  than  hij’her  energy  level  popu- 
lations. Consequently,  the  measured  temperatures  are  more  likely  to  approach 
true  kinetic  temperatures.  Also,  the  approach  is  applicable  to  sooty, 
huninous,  and  high  or  low  temperature  flames.  Simplified  equations  useful 
for  temperature  detenni  nat  ion  using  Sn  or  I'c  lines  are  presented. 

Communications  S,  7,  8,  and  10  (106B,  108B,  109B,  1 1 1 B)  of  1,'vov's 
series  deal  s|ieci  fi  cal  ly  with  atomization  pirocesses  and  their  effects 
upon  analytical  results  in  flame  spectrometry.  Communications  8 and  8 (10(>B, 
l()9B)  clarif)'  the  aiuimalous  atomization  behavior  of  Sn  in  hydrogen-based 
and  hydrocarbon  flames.  Through  examination  of  Sn  volatilization  in  acety- 
lene and  hydrogen  flames,  in  furnace-flame  devices,  and  in  furnaces  alone, 
the  workers  show  experimentally  that  the  suri>ri si ng ly  low  sensitivity  for 
Sn  in  cool  hytirocarbon  flames  (such  as  air-acetylene)  is  due  to  the  formation 
of  difficult-to-volati 1 i ze  Sn  carbides.  These  data  agree  with  thermodynamic 
ca IcMilat ions  and  previously  reported  data.  Moreover,  this  hy]>othesis 
successfully  explains  the  hitherto  confusing  reduction  of  Sn  absorption 
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!’>■  orj>;inic  solvents  in  hydrogen  flames,  tlie  hi'tter  si-ns  i I i v i I > fi'r  Sn 
in  liydrojjen  than  in  aeet>  lene  flames,  aiul  the  relativel'  hieji  t i'm|H'rat  ure 
(.2500  K)  reiiiiired  for  Sn  atomization  in  a j^raphite  fiiniave. 

Communication  7 ( lOSK)  addressed  the  effects  of  fl.uiie  richness  and 
anion  character  on  the  volatilization  of  Ni,  Mn,  Co,  and  I'e,  Indirect 
evidence  suj^gests  that  anion  interference  occurs  diirinj;  vaporization  ratiier 
than  through  j;as-phase  interait  ions.  Also,  under  extremely  fut'l-rich 
coiulitions,  nitrates  or  sulfates  of  these  metals  form  carhiiles,  an  undesir- 
ahle  occurrence  which  can  he  avoiileil  thi-ouj^h  use  of  non- l•ed^lc  i h U-  salts 

I 

such  us  chlorides.  Comnum  icat  ion  10  (1110)  predicts  the  influence  o)' 

I swell  interference  effects  on  curvature  of  analytical  )ilots„  (airvature 

i 

can  be  expressed  as  a function  of  the  ratio  between  solute  particle  diameter 
and  the  distance  it  travels  before  vaporizing;. 

katskov,  kruglikova,  l.'vov,  and  I’olzik  (Sob)  examined  the  atomization 
of  several  elements  in  a low-temperature  hydroj;en  flame  to  which  acetylene 

I had  been  added,  and  found  a sij;nal  reduction  for  many  elements,  su>;i;es  t i tn; 

stronj;l\  the  formation  of  i;aseous  carhiiles.  In  contrast,  Voshimura  and 
Morimoto  (I'lB)  added  carhon-hlack  powder  to  an  air-acetylene  flame  and 
found  that  it  could  eliminate  interferences  on  Al  and  Ti  caused  h\'  fluoride 
and  phosphate  ions.  .Sturi;eon  and  fhakrabarti  (I5~b)  studied  flame  ahsorp- 
tioi  profiles  of  molybdenum  and  its  oxides  as  a function  of  comi'lexinj; 
aitents,  solvents,  and  stoichiometry  and  attrilnited  their  findini;^^  to  car- 
bide formation.  However,  their  observed  ujiward  shift  in  maximum  absorbance 
with  increasing  acetylene  flow  rates  mij;ht  also  have  been  caused  by  reduc- 
tion of  the  common  thermally-formed  oxide  MoO-^  to  the  less  volatile  solid 
Mo  metal.  Unfortunately,  the  workers  ilid  not  obtain  a temperatui-e  profile 
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of  rlieir  flame,  so  it  is  impossible  to  eonfi  nii  or  ilisprovi'  tlu-ir  li>  pi>t  lu-si  s. 

In  a more  detailed  investigation,  lUibeska  (I47B)  suggested  that  tlu-  el'feet 
of  A1  on  other  elements  (V  and  Mo)  can  be  aseribed  to  its  preventing  their 
reduction  from  the  oxide  to  the  less  volative  metal..  Thus,  the  presence 
of  .\I  in  a matrix  will  enhance  the  volatilization  of  Mo  by  scavenging  i-e- 
ducing  species  and  preventing  the  formation  of  solid  Mo.  This  would  be 
another  explanation  for  the  enhancement  effects  previously  dubbed  "lateral 
diffusion  interferences." 

A careful  study  of  atom  formation  in  air-acetylene  flames  was  per- 
formed by  Malls  i47B,  48B)  who  compared  spatial  variations  in  atom  con- 
centration with  localized  temperatures  and  concentration  gradients  of 
reducing  species  intrinsic  to  the  flame.  Hydrogen  radicals  exhibit  simi- 
lar behavior  to  that  of  some  elements  (principally  In),  suggesting  their 
involvement  in  atomization.  In  addition.  Halls  related  free  energies 
of  reduction  of  several  metal  oxides  to  the  free  energies  of  oxidation 
of  reducing  flame  species  and  suggested  that  C2  and  H radicals  can  be 
credited  with  most  of  the  reducing  power  of  the  air-acetylene  flame. 

However,  if  kinetic  limitations  exist,  more  ]iowerful  reducing  species 
(e.g.,  C atoms  or  TH  radicals)  miglit  also  play  a jiart.  This  hypothesis 
is  not  inconsistent  with  the  widely-held  view  of  atom  formation  involving 
the  dissociation  equilibrium  of  metal  oxides;  however,  it  suggests  that 
controlling  equilibria  might  involve  fhune  species.  I.ike  Halls,  Nakahara 
and  Musha  (125B)  attributed  In  atomization  in  cool  Hp  flames  to  the  de- 
composition of  Inll,  whose  formation  is  in  turn  enhanced  by  the  presence 
of  Mg  halides.  I-i  (94B)  outlined  a preliminary  but  potentially  very  useful 
model  for  atom  formation  in  analytical  flames.  In  this  model,  parameters 
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for  Oroplot  size  O i st  r ilnit  ions  , druplot  Ooso  Ivat  i oi\  rates,  particle  vapori- 
zation rates,  and  atomic  diffusion  coefficients  are  incliuled,  luit  noiild 
have  to  be  obtained  experimentally  or  from  otlier  sources.  Stochastic 
variables  are  introduced  to  enable  drojilet  size  to  varv  and  the  patlis  of 
different  species  to  change  with  respect  to  each  other.  Altliougli  the  model 
assumes  simplified  atomization  processes  and  does  not  consider  interactions 
;imong  drojilets,  particles,  and  vapor-phase  products,  it  ]irovides  a con- 
venient bridge  between  atom  concentration  profiles  which  can  be  measured 
and  fundamental  theoiies  predicting  atom  fonnation  from  individual  droplets. 

libhayakar  (l(i2Hl  projiosed  a model  to  descrilie  the  volatilization  of 
a combustible  solid  particle  in  an  oxidizing  atmosjihere,  while  Simonova, 
Raikhbaum,  and  Drokov  (154B)  determineil  the  effect  of  size  and  composition 
of  particles  in  a solid  aerosol  on  the  signal  produced  when  they  are  blown 
into  a plasma.  Raikhbaum,  lirkovich,  and  Malykh  (220C)  considered  tlte  in- 
fluence of  atomization  efficiency  and  rate,  diffusion  kinetics,  and  optical 
geometry  on  curvature  of  analytical  plots  in  atomic  absorption  spectrometrx’. 
Although  useful,  the  model  is  somewhat  limited  in  that  it  neglects  ioni- 
zation effects  and  assumes  a cylindrical  flame.  Todorovic,  Vukanovic, 

Simic,  and  I’cric  (,l(iOB)  described  the  use  of  higli-s]>eed  c i nematographv 
and  cross-correlation  of  jihotomu 1 1 ip  1 i er  signals  to  obtain  transport  velocities 
of  particles  in  a plasma;  presumably,  the  techniques  would  be  evpially  use- 
ful for  investigations  in  flames. 

The  thermodynamics  of  volatilization,  dissociation,  and  atomization 
of  metals  and  their  oxides  were  studied  by  several  groups.  Nemets  and 
Nikolaev  112()B)  determined  tiie  concentration  and  saturation  vai’or  jM-essure 
at  various  temperatures  of  Cr,  Mn,  and  he,  whereas  Wagoner  and  Hirth  (loSBl 
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oxainiuod  the  vaporisation  kinetics  of  NaCl.  Konlis  aiu!  Cinj^erieli  (88H), 

Srivastava  and  l-arber  and  Srivastava  piiMisliod  dissociation 

enei'iiies  of  rare  earth  and  alkaline  earth  oxides,  Ashton  and  llavluirst 
{5B)  extended  tliei  r series  of  determinations  of  difl'iision  coef  fi  e i enl 
in  flames  to  calcium  hydroxide,  strontiimi  hydi'oxide,  Inii'inm  Indi'ox  i ile,  and 
copper. 


s;it  l'|;^ime^ . A semi -emiii  r ica  1 model  foi'  cominitini;  ion  con- 

centrations in  premixed  hydrocarbon  flames  was  offered  h)’  A>’,  Oni;,  ami 
Sichel  loB) . The  model  considers  the  kinetics  of  ion  formation,  amhipolar 
diffusion,  and  convection,  hut  requires  knowledjie  of  tlie  flame  kinetics. 
Miller,  Newman,  and  I'a.ce  (MSB)  liave  continued  their  work  involvinj;  ioni- 
sation associated  witli  solid  particles  in  flames  to  reveal  that  electro- 
static prohes  inserted  in  the  flame  can  actually  induce  ionisation  them- 
selves, throuj;h  interaction  with  the  particles.  Because  the  presence  of 
a particle  seemed  necessary  to  induce  the  prohe  error,  most  measurements 
in  analytical  flames  should  he  accurate,  unless  the>'  are  taken  very  low 
in  the  flam*.,  where  jiarticulate  siH'cies  mij;ht  reside,  tlussak  and  Semenov 
(•UiB1  studied  the  temperature  and  ionisation  spatial  profiles  in  a laminar 
air-hydrogen  flame  front  and  concluded  that  chemi- ioni sat  ion  dominated 
ion  formation,  A new  method  for  measuring  electron  concentrations  in 
fhunes  and  plasmas  was  reinirted  hy  Rasmadsc,  Chkuaseli,  and  Ciol’lMnov  ^ 
03911").  The  method  employs  an  argon  ion  laser  and  three-mirror  interfer- 
ometer and  is  capable  of  1 us  time  resolution. 


l.ovett  and  Parsons  ( lODB")  described  a new  method  for 
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ca  Icii  1 at  i iij;  optical  collision  c ross- sect  i oiis  aiiil  Voi^t  ^ parameters  v^hich 
compare  v^ell  .vitli  measured  values  f'oi'  elements  not  liavinj;  s i lui  i t' i cant 
h>'pert'ine  structure,  dross-sections  and  a pai'ametors  won'  tal'ulatod  for 
ll-l  transitions  of  SJ  elements  in  an  a i r-acct  \ 1 one  flame,  anil  procedurc'- 
were  presented  for  converting:  the  a values  to  those  cori'espi>nd  i nv.  to  other 
flames  or  other  temperatures.  Kozlov  (yOR)  puhlisheil  a new  technii|ue  for 
determininj:  absolute  values  of  oscillator  strenjjths  of  atoms  throu.cl'  measure- 
ment of  the  absorption  of  two  'Spectral  lities.  tiol  1 i s iona  1 1 y- i nduced  ener.o 
transfer  between  excited  Na  atoms  was  investigated  by  Al  1 ei;r i n i . Alaetta, 
Kopystynska,  Moi  , and  Orriols  . A continuous-wave  laser,  tuned  to 
either  of  the  Na  b lines,  was  found  to  induce  atomic  fluorescence  from  a 
host  of  spectral  lines,  some  of  which  had  energies  greater  than  twice  that 
of  the  ^ line.  Apparently,  collisions  between  two  excited  Na  atoms  > ield 
one  ground  state  and  one  highly  excited  atom,  the  latter  of  which  then  emits; 
the  difference  in  energy  between  tlie  fluorescent  and  excitation  jihotons  is 
supplied  from  or  converted  to  translational  energy. 

The  development  of  extremely  narrow-band,  high-stabi 1 i t>’  tunable  lasers 
has  made  it  possible  to  measure  fundamental  atomie  ]'arameters  to  an  accurac\ 
previously  impossible.  The  reader  interested  in  the  new  proeedures  deteloped 
using  sueh  lasers  is  referred  to  a section  on  "Tunable  Lasers"  in  the 
Advances  in  Instrumentation  portion  of  this  review.  In  the  present  section, 
some  of  the  fundamental  parameters  measured  with  lasers  are  reviewed. 

In  addition  to  their  monochromat ie ity,  lasers  can  provide  extremel> 
intense  electromagnetic  fields  over  ver>  short  time  periods.  The  shift 
of  atomic  energy  levels  under  the  influence  of  such  intense  fields  was 
examined  by  (lersten  and  Mittleman  (•IIR'I.  Also,  quantum  beats  and  transition 
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rates  between  energy  levels  in  a multilevel  atom  iiiuler  the  influonee  of 
laser  radiation  was  studied  b\-  Agarwal  (IB), 

Perhaps  of  greatest  fundamental  interest  to  atomic  spect roscopi st s 
IS  the  laser's  ability  to  provide  definitive  values  foi-  excited  state 
lifetimes  of  atoms,  for  from  sucli  values  can  be  dei'ived  their  reciprocal-, 
(.the  finstein  ^coefficient)  and  absolute  values  of  oseillatoi-  strengths. 
Knowledge  of  such  parameters  is  essential  to  the  feasibility  of  developing 
absolute  methods  of  atomic  spectrometry.  Carlson,  et  al.  (23  1?)  and  I'ein- 
berg,  et  al.  (35B)  described  methods  for  such  measurements.  In  addition, 
Phillips  (133B)  and  Knight  and  Milonni  (85B)  considered  deviations  from 
exponential  decay  and  errors  which  might  arise  in  lifetime  measurements 
of  atomic  states  because  of  such  processes  as  radiation  trapping.  Other 
workers  who  measured  specific  excited-state  lifetimes  arc  compiled  in 
Table  1.  Interested  readers  arc  directed  to  the  original  literature  for 
information  concerning  methods  of  measurement  and  the  particular  transition 
of  each  clement  under  investigation. 

Collisional  tpicnching  by  foreign  species  usually  shortens  excited- 
state  lifetimes  experienced  by  an  atom  in  a flajiie  below  those  values  cited 
in  Table  1.  In  fact,  quantum  yields  in  both  fluorescence  and  emission 
measurements  arc  limited  by  such  quenching  processes,  making  the  measurement 
of  quenching  kinetics  important  analytically,  llannaford  and  Lowe  (49B)  have 
determined  the  rare-gas  pressure  dependence  of  the  intensities  of  boron 
fluorescence  at  two  different  spectral  lines  and  concluded  that  rare-gas 
quenching  was  responsible  for  their  observations.  Marck  and  Niemax  (llbB) 
quantitatively  determined  the  influence  of  xenon  atom  collisions  on  the 
lifetime  of  atomic  cesium  states.  Quenching  measurements  were  extended 
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to  .1  I'l.iiin'  I'liv  i I'l'iimi'nl  l>\  .l.iii'icn,  llol  l.iiuli’i' , .niil  \.iii  lU  Ivoi'il  ( 'SIU  ni 
thi'if  vlt’l  I'riii  I ii.i  I I on  I'l'  i ii>;  i' t i I'lc.  Coi'  cxiili'il  •.!  ii'iit  mm 

llnt'oi't  un.it  i’ I V , t lu'  1‘l.iiiu'  iv’liiv-li  w.i'.  i’iii|)  I ui'i'il  (I'O/NO)  is  not  wulclx  umsI 
• iii.i ! \ t uM  1 1 V . rile  i lit' lunu'u  uC  il  i l‘('c  rcii  I ,it  iii(ts|>li<'i('s  i>ii  .iluiiim  1 I uu  n-si  ciu 
iiiti'ir.itN  w.is  iisit'il  ,i  nusi  l'\  K.iii.ikin,  Ui' I v.u-v  , .iiul  Kiu  f.lim  kov  .i  (.S.’HI, 
iklu'  v'oiu' 1 Uilisl  III. It  0-  .iiul  t'O  ■ ,1  ro  till'  most  s i jUi  i I' i i.Miit  <|uoiu  li  i iii'.  isisos 
III  I lio  ill  iliosplioros  I'liiplovoil  III  most  ;iii,i  I \t  i im  1 .itom  tolls  (tl.imos.  o I ot  I is' 

I liorm.i  I .itoiiii  •Cl'S  , oil'.).  lliM'lol,  llol  m.iiiii , .mil  Host  (u^l'l  i nvi's  t i jsi  t oil 
I'o  1 .1 1' I M t I on  ol'loots  III  t Iw  i|iioiioli  I iii;  ol  oxoiloil  Nil  .iloms  l>\  ilj.itomio 
mo  1 ot'u  1 1's  wlulo  ko|)oikiii.i  iiiiil  Y.iiisoii  (87H)  I'.viim  i iioil  ii  '.ort  ol  "iinorso" 
iiuoiuli  i ni;  i nvo  1 v i ii);  onoi'j'.v  t I'iiiisror  I'l'om  ovoiloil  Nil  mo  1 ooii  I I's  to  Nil  iiiul  k 
.iloms.  iiuonoh  i iiy,  liitos  ol'  lU  . .811.  IK’.,  iuul  riiro  oiirlli  iiloms,  ros|u'i' I i \o  I \ . 
woi'o  iiioii  sii  roil  In  Hoviin  .iiul  llusiiin  (l.MM,  loo,  W 1 1'soiil  o 1 il , ^lu•n,  iiiul  lliis.iin 
(8.8H1,  rill  1 lips  (l.vlH).  iiml  ronkin  iiiul  Koiiiii rovsk\  (l.^ll'l. 
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r.ilo  moiisii  roiiion  I ol  spoo  I rn  1 lino  prol  i li's  liiis  root'ivoil  ii  siihst  .ml  i ii  1 
.imoiinl  ol  iilloni  ion  ovi'r  t lu'  piisl  two  yo.ii's,  Hi'iull'orro  iiiiil  \ .iiijjliiKi  ( l/H) 
ili'si' r I I'Oil  how  .1  now,  iiiii  1 1 i -puss  liihi’v-l’orol  i nl  orroromol  t'o  ooulil  ho  oiiiploio 
to  HUM  sure'  oxiroiiioli  n.irrow  1 i lu'  wiilths.  Tlu'  iini  1 1 i -pii'o;  instriimont  o\- 
liihits  il  hiiiiil  puss  sli.qto  wliioli  l.ills  oil  imioh  mori'  riij'iillv  Ihiin  I lu'  .Nim' 
riiiu'lioii  ooimiion  lo  1 nr,  lo-piiss  1 nl  o rl  o romo  I o I's  , oniihlinr,  iioi'iiiMlo  iiUMsuro- 
monl  of  si'ootfiil  lino  winp.s,  I'ho  mot  Iuul  loniiiros  prior  knowloil.r.o  ol  llio 
spoolfiil  lino  shiijio,  howovor.  Viisootioo  1 1 os  (l(iIiU)  roviowoil  I ho  lln'oin 
of  oiu'-pholon  hir.h-rosoliil  ton  iihsorptioti  spool  rosoops  whilo  Olivoro  .iiul 
I onp.hot  hum  (l.’SH)  .mil  I’iorlinssi,  Viiinlorwooil , iiiul  Cioiiio;  (lV>hl  oiillinoil 


toohniquos  t'ov  ca I cu  1 :»t  i nj;  aiul  fitt  iM);  X'oir.t  1 i in-  pi-oriU-s.  (ir>l'^ 

usokl  tho  power  speetruni  of  a llaus^ian  line  aiul  thi'  \\>|iiist  theoii'iii  1 1' 
set  vlowM  proiH't'  sampling,  eriteria  to  he  einpKneJ  in  il  i i;  i t i ; i ni;  a spoet  niiii 
or  spectral  line,  while  llorlick  aiivl  Yuen  sliowevi  lio\\  sp.ui's  l>elwcen 

such  sampleil  ilata  coiiKI  he  t'llleil  in  nsinc,  a I'our  i e r- 1 l ans form  approach 
An  accurate  Jeconvo  1 iit  i on  techniipie  lor  dot  ermi  n i m;  line  intensities  and 
half-widths  wtis  proposed  hy  t'hanj;  anil  Shaw  (JIHl,  whereas  tlold,  Uechs  1 1>  i lu- r , 
and  Ihtck  (-lohl  puhlished  an  a 1 c.or  i t Itin  which  enahles  seiniential  spectral 
strippiny;  from  ;i  comi'lex  spectrum.  Unfortunately,  se  1 l"-ahsori't  i on  yenerati's 
suhstiintial  errors  in  the  proposeil  method,  limiting  its  use  in  atomic 
spect  roscoi'y.  N'emets,  Nikoltiev,  and  I'lisyuk  (17710  compared  \'oi)’,t  a parameters 
which  were  determined  from  narrow-litie  absorption  and  total  ( int epratedl 
ahsorptioti  t echti i iiues . \alues  so  obtained  were  emploved  to  calculate 
optical  dijimeters  for  hrotulen  i ny,  collisions  and  also  absolute  atomic  con- 
cent r;it  i ons . A didactical  1\  useful  aiiiM-oach  to  convert  iny  atomic  line 
widths  from  frequencies  to  wave  lenyths  and  vice  vi-rsa  was  deserihed  h\ 
lovett  and  Parsons  (Uplt).  Jansen,  Hollander,  anil  Alkemade  (ToU.  '"h) 
perfonned  a number  of  measurements  on  atomic  spectral  line  I'rofiles  in 
flames,  llsiny  a |iressure-scanned  I'abry-I’erot  i nt  er  feri'met  e r , I lu-  self- 
absorbed  profile  of  a Sr  line  was  determined  as  a function  of  atom  concen- 
tration; obserx’ed  line  widths  (I'WIIMI  ayreed  well  with  those  calculated 
from  the  \'oiyt  exiiression  and  beer's  law.  S iy  ni  f i cant  I \’ , half-widths 
which  would  be  found  under  optically  thin  conditions  could  be  determined 
throuyh  extrapolation  of  those  obtained  at  hiyber  cinicent rat  ions , where 
s i yiia  1 - 1 o-no  i SI'  i •,  yood  but  -u' 1 f-absorpt  i on  contributes  to  b roaden  i iij; . 

Ihese  same  worki'rs  einploied  optiealli  thin  aloiiiie  i oiu  eiil  i a I i oii'.  and  m in  i I a i 
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instrumentation  to  eom|iare  ha  1 f-wiiltlis  anJ  spectral  sli  i ft  s ol'  ahsot|ition 
and  omission  core  ]irot'ilos  of  Ha  aiul  Sr  rosinianee  liiu";,  Hoiair.e  I'ol  h 
elements  heliavoil  similarly  aiul  titeir  line  shai'es  were  eonsistenl  with  the 
Maxwe  1 1 -Bo  1 1 zmann  ei|ii i 1 i lir i iim , tlie  ohserved  radiation  was  jiulr.ed  to  I'e 
thermal  in  origin.  Spectral  line  wings  of  Na  and  Si'  resonance  lines  wi-re 
also  examined  by  the  Utrecht  wiirkers,  but  sate  1 1 i t e- 1 i ke  features  precluded 
close  agreement  with  theoretical  jiredi ct i ons . Van  Ui jk  (KiSB)  also  examined 
the  wings  of  the  Na  resonance  lines,  hut  used  a narrow-hand  tunable  d> e 
laser  for  the  measurement.  By  measuring  the  fluorescent  signal  as  the 
laser's  wavelength  was  scanned,  he  obtained  an  excitation  jirofile  which 
was  examined  for  contributions  from  multi-photon  absorption.  Because  of 
the  extremely  low  probability  of  such  events  and  their  large  spectral 
separation  from  the  measured  line  imore  than  100  K) , they  can  be  safely 
expected  to  be  insignificant  in  practical  flame  spectrometry. 

Dbnszelmann  and  Neijzen  (29B)  and  Grove,  Wu,  and  I'.zekiel  (45B')  examined 
spectra  under  conditions  of  intense  irradiation,  such  as  would  be  ]iroduced 
by  a laser.  Higgins  ((iSB)  and  I'leurier,  Sahal-Brechot , and  Ghaiielle  io7B) 
studied  the  effect  of  Stark  broadening  on  atomic  spectral  lines.  The 
effects  of  radiative  and  collisional  broadening  on  line  emission  in  a 
laser-produced  atomic  jilume  were  investigated  by  Apruzese,  Uavis,  and 
Whitney  (IB). 

1,'vov,  I’olzik,  katskov,  and  Kruglikova  (1I2B)  employed  a pressure- 
scanning I'abry-Perot  interferometer  to  measure  tlie  shift  in  sjiectral  lines 
which  occurs  in  flames  compared  to  those  emitted  by  hollow  cathode  lamps. 


Tile  shifts;  so  measured  gave  excellent  aj’reement  witli  theor\'.  I.'vi'v  ( 1 U'H  I 
included  the  effects  of  such  shifts  in  liis  reriov  on  tite  causes  of  lU'cr's 
l.aw  plot  curvature  in  atomic  absorjition.  The  influence  iif  source  I i lu' 
width,  its  asymmetr\  and  hyperfine  structure  in  the  source  aiul  ahsorher 
lines  were  also  consulered.  Wai;enaar  and  de  ilalaii  (l('71M  used  a similar 
techniiiue  to  measure  hollow  cathode  lamp  spectral  prot  i les  and  di-termined 
the  kunp's  temperiiture  from  their  results.  I'eviations  fi-om  heer's  law- 
caused  b\'  line  shape  differences  between  the  primar\  lir.ht  source  anil 
absorber  were  considered  by  Davis  and  Mcl'.arlane  Often,  an  empiri- 

cal correction  factor  is  included  in  the  beer's  law  relationship  to  over- 
come these  deviations;  unless  such  a factor  is  experimentally  determined 
to  be  essentially  constant  under  the  measurement  conditions,  its  use  shouKl 
be  avoided.  The  influence  of  spectral  line  profiles  on  cui'ves  of  yrowth 
was  examined  through  cominiter  simulation  by  Jansen  and  Hollander  (7Sb), 

Such  curves,  which  are  log-log  jilots  of  the  spectrally  integrated  absorption 
factor  vs  atom  density,  were  exjiected  to  be  affected  somewhat  b\  the  shape 
of  the  spectral  line  wing  which,  as  iiulicated  above,  tioes  not  always  lollow 
Voigt  behavior.  Tortunately,  the  dej'arture  from  predictions  is  expected 
to  be  experimentally  insignificant  and  fumbmienta 1 parameters  determined 
from  curves  of  growth  should  be  valid. 

^t^  c;>  ^ ;^ii|ie;> . Several  new  flames  have  been  projHised 

and  evaluated  for  use  in  analytical  ati'iiiic  sju'ct  roscopy.  Johnson  ;ind 
Winefordner  {79b)  reiilaced  the  nitrogen  ordinarily  i>resent  in  an  ai  r-acet>  lene 
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flame  with  argon,  to  yield  a flame  which  exhibits  highei'  nuantum  elficien- 
cies.  Shielding  the  flame  with  flowing  argon  and  eliminating  the  highlv 
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quenching  nitrogen  improved  both  detection  limits  and  working  curve  line- 
arity; moreover,  flame  tenq^erature  and  fue  1 -to-ox idant  ratio  coulil  be  inde- 
pendently controlled  through  variation  of  the  three  flame  sup)mrt  gas  flows. 
Similar  advantages  were  reported  by  Saturday  and  Ilieftje  (148B)  for  a flame 
comprised  of  helium,  oxygen,  and  acetylene.  In  addition,  the  use  of  helium 
rather  than  argon  or  nitrogen  as  a flame  gas  diluent  increaseil  I'lame  gas 
thermal  conductivity  and  improved  atom  formation  efficiencies.  The  lle-0,- 
t.'ollo  flame  emits  a relatively  low  spectral  background  and  exhibits  a tem- 
perature near  that  of  the  N2O-C2II2  fliunc,  A natural  gas  flame  was  coupled 
with  a chamber  electrode-flame  atomizer  by  Razumov  (1408)  to  yield  a system 
which  produced  extremely  low  atomic  absorption  and  atomic  fluorescence 
detection  limits  for  elements  of  high  volatility. 

The  combustion  mechanism  in  low-pressure  acetylene-oxygen  flames 
was  investigated  by  Vandooren  and  Van  Tiggelen  (lb4B)  and  by  Basevich, 

Kogarko,  and  I’osvyanskii  ( lOB) . The  mechanism  of  projiagat ion,  which  is 
similar  to  that  operating  in  a Cllij-Op  flame,  involves  the  successive  oxidation 
of  Cpllp  tlirough  an  attack  by  liydroxyl  radicals  and  oxidation  by  oxygen. 

The  reaction  mechanism  of  a ll^-N  4)  flame  was  ex;uiiined  by  Balakhnine,  Van- 
dooren, and  Van  Tiggelen  (7B),  wlio  reported  a number  of  important  reaction 
steps  and  their  rate  constants,  notably  that  involving  decomposition  of  N^O 
into  nitrogen  and  oxygen.  Burdett  and  llayhurst  (22B)  showed  that  the  nit- 
rosyl  ion  and  neutral  nitric  oxide  are  in  extremely  rapid  equilibrium  in 
both  acetylene-air  and  hydrogen-air  flames,  hovachev  (98B)  assessed  the 
importance  of  vortex  formation  on  flame  projiagation  wlii  le  Andrews,  Bradley, 
and  l.wakabamlia  (38)  examined  the  aiqil  icabi  1 i t y of  theories  of  turbulence 
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to  the  structure  of  turbulent  fhunes.  Ihe  hijilily  important  KeynoKl's 
number  seems  to  be  correlated  in  turbulent  flames  with  the  ratio  of  tur- 
bulent flame  velocity  to  laminar  burninj;  velocity,  Vermeulen,  I'anilowicb. 
Ilevjlauff,  and  Price  ( l(i()lll  showed  that  a flame  can  either  attenuate  or 

1 

[ amplify  an  acoustic  wave,  dependinj;  on  the  strength  of  tlie  wave  and  i t 

I freipiency.  Amplification,  if  it  occurs,  can  result  either  fT-om  flanu-  front 

i 

modulation  or  from  induced  vortex  eittrainment  of  oxyj;en  intii  the  reacting 
flame  mixture.  Markstein  lllTlf)  measured  radiative  ener';y  transfer  from 
turbulent  diffusion  flames  and  concluded  that  such  flames  cannot  be  rej^ar- 
ded  simply  as  laminar  flames  of  greater  optical  depth. 

Determining  the  composition  of  combustion  flames  continues  to  be  an 
active  area  of  research.  Rasmuson,  l-assel,  and  kniseley  (138Bi  corrected 
I the  concentrations  of  natural  flame  species  in  flames  wiiich  the>' 

earlier  calculated  and  obtained  slightly  improved  agreement  with  experimental 
findings.  Apparently,  an  erroneous  value  for  the  formation  constant  for 
CO2  had  been  employed  in  the  earlier  investigation.  Kosaka,  Asahina,  and 
llayashi  (,89B')  employed  a thermodynamic  mcxlel  of  the  f dlp/N.'O  flame  to  cal- 
[ dilate  ecpii librium  partial  pressures  of  intrinsic  flame  species;  free  atom 

fractions  were  then  computed  for  several  elements  as  a function  of  fuel- 
to-oxidant  ratio  and  water  content  of  the  flame;  values  so  olitained  agreed 
well  with  experimental  results.  According  to  Mlil  ler-Deth  1 efs  and  Sclilader 
(IdAB),  water  acts  not  only  as  an  inert  diluent  in  a flame,  but  inhibits 
carbon  formation  and  produces  greater  heat  release.  Thus,  flame  temper- 
ature and  burning  velocity  do  not  decrease  as  rapidly  with  added  water  as 
would  otherwise  be  expected,  llayhurst  and  coworkers  (S9B,  oOB,  ('2Bi  criti- 
cally discussed  the  siuniiling  of  ions  from  atmospheric  pressure  flames  for 
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mass  spectral  identification.  Their  system  was  characterized,  its  influence  I 

on  tlie  fhime  durinj;  sampling  was  assessed,  and  the  validity  of  tlie  geneiMted 

mass  spectra  discussed„  Mueller,  Boltendahl,  and  Roertgen  ( IJO!!,  IJIB) 

measured  nitrogen  oxides  and  oxygen  concentrations  in  an  air-acetylene 

flame.  Hanson,  Kuntz,  and  Kruger  (SOB)  siioweil  liow  a tunable  diode  infi'ared 

laser  spectrometer  could  be  employed  to  obtain  hi gli-resolut ion  absorption 

spectra  of  intrinsic  flame  species,  while  Jones  and  Mackie  (BOB)  evaluateil 

the  use  of  (Ij  resonance  fluorescence  as  a technic(ue  for  measuring  transient 

flame  events,  tr,  concentrations  in  oxygen-acetylene  flames  were  also  measuretl 

by  Baronavski  and  McDonald  (8B,  9B)  in  two  rather  similar  publications. 

'llte  perturbation  of  high-voltage  electrostatic  probes  on  a flame  was  examined 
by  Bradley  and  Ibrahim  (IBB).  Raman  spectroscoin c measurement  of  intrinsic 
flame  species  has  become  feasible  with  recent  instrumental  advances  and  was 
reported  by  Lapp  and  Penney  (91B)  and  by  Nhteller,  Klainer,  and  Miller  (122B). 

Background  spectra  in  atomic  spectroscopy  can  be  generated  by  either 
molecules  or  atoms  and  by  species  naturally  present  in  a flame  or  by  those 
added  with  a sample.  Consequently,  high-resolution  spectra  of  such  species 
are  useful,  llaraguchi  and  Fuwa  (51B)  published  atomic  and  molecular  absorp- 
tion spectra  for  indium  which  occur  in  an  air-acetylene  flame,  while  Brown 
and  Ginter  (19B)  obtained  an  absorption  spectrum  of  Ag,  Fluorescence  of 
CaOH,  SrOU,  and  BaCl  molecular  fragments  in  flames  was  reported  by  Human 
and  Zeegers  (68B) . According  to  Furuta,  Yoshimura,  Nemoto,  llaraguchi,  and 
Fuwa  (39B),  hyperfine  structure  appears  in  the  absorption  spectrum  of  Na 
halides  in  an  air-acetylene  flame  because  of  molecular  dissociation.  The 
high-resolution  infrared  emission  spectrum  of  OH  radicals  in  an  oxyacctylenc 
flame  was  analyzed  by  Maillard,  Chauville,  and  Mantz  (114B). 
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A number  of  new  techniques  have  been  proposed  and  old  methods  criti- 
cized for  the  determination  of  temperatures  in  flames  ami  other  hi^h- 
temperature  gases.  The  two-line  absorption  method  outlined  by  L'vov  and 
co-workers  il07B)  was  discussed  in  the  section  of  this  review  dealing 
with  atom  formation  in  flames.  A similar  approach  was  taken  by  Ide,  Yana- 

gisawa,  Kitagawa,  and  Takeuchi  (71B)  in  the  determination  of  temperatures 

above  a glassy  carbon  strip  atomizer,  a tantalum  filament  atomizing  device,  and  in 

an  air-acetylene  flame.  An  atomic  fluorescence  method  for  flame  temperature 
determination  was  employed  for  local  sensing  by  Haraguchi,  Smith,  Weeks, 

Johnson,  and  Winefordner  (5211)  and  by  Benetti,  Omenetto,  and  Rossi  (12B). 

The  method,  which  was  suggested  earlier  by  several  authors,  employs  the 
relative  intensities  of  Stokes  and  anti-Stokes  spectral  lines  of  a chosen 
element  to  obtain  values  for  flame  temperatures.  Because  the  exciting  and 
fluorescent  radiation  can  be  directed  and  detected  at  90°  from  each  other, 
spatially  localized  temperatures  can  be  measured  without  the  vise  of  an 
Abel  inversion.  Because  non-resonance  fluorescence  must  be  used,  probe 
elements  employed  as  thermometric  species  must  have  three  utilizable  energy 
levels;  In,  tla,  and  T1  have  been  found  to  be  most  useful,  with  T1  providing 
better  results  for  higlv-temperature  flames  (-2000  K)  and  In  proving  optimal 
at  lower  temperatures  (”00  K - 2b00  K) . Haraguchi  and  Winefordner  have 
applied  the  technique  to  the  measurement  of  local  temperatures  in  air- 
acetylene  (54B)  and  air-hydrogen  (55B)  flames  and,  with  coauthor  Weeks, 
in  Hj-Ar  (entrained  air)  flames  (53B). 

If  a flame  is  not  in  local  thermodynamic  equi 1 ibr ivim,  it  is  necessary 
to  determine  not  only  electronic  excitation  temperatures,  but  also  rota- 
tional, vibrational,  ionization,  and  other  temperatures  to  characterize 
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it  completely.  Vibrational  and  rotational  temperatures  of  flames  wore 
obtained  by  Drake  and  Rosenblatt  (30B)  and  Strieker  (156B)  using  laser 
Raman  spectroscopy.  Like  the  atomic  fluorescence  method  described  above, 
the  Raman  approach  is  capable  of  providing  localized  temperature  readings, 
particularly  if  the  exciting  laser  is  focused.  Moya,  Druet , and  Taran  (119B) 
obtained  similar  results  using  coherent  anti-Stokes  Raman  scattering, 
whereas  Robben  (143B1  deiiionstr.ated  that  Rayleigh  scattering  could  yield 
even  more  precise  temperatures  than  tlie  Raman  method.  Maclatchy  and  Miner 
(1138)  employed  a Langmuir  probe  and  the  Saha  equation  to  measure  ioniza- 

I tion  temperatures  in  a flame,  while  thermal  temperatures  were  obtained  by 

j Ivashchenko,  Korobchenko,  and  Bondarenko  (748)  through  capacitive  trans- 

ducer measurement  of  electron  (Johnson)  noise  in  an  oxyacetylene  flame. 

Lueck  and  Mueller  (1018)  utilized  a narrow-band,  frequency-doubled  CW 
tunable  laser  to  scan  across  an  Oil  ultraviolet  rotational  line  and  obtained 
both  the  rotational  temperature  of  that  species  and  its  concentration. 

Reif,  Fassel,  and  kniseley  (1428)  showed  that  flame  excitation  temper- 
atures could  be  obtained  without  a calibrated  reference  light  source. 

In  their  method,  a non-cal ibrated  tungsten  lamp  is  set  to  the  same  temper- 
ature as  the  flame  by  a two-step  procedure  involving  first  a line-reversal 
adjustment  followed  by  a reduction  in  lamp  brightness  temperature  in  accor- 
dance with  the  emissivity  of  the  lamp  filament.  After  these  initial  adjust- 
ments, the  true  lamp  temperature  is  the  same  as  that  of  the  flame.  Next, 
measurements  of  the  emission  intensity  of  a chosen  element  arc  made  at 
spectral  lines  whose  transition  probabilities  are  known;  simultaneously, 
measurements  of  the  intensity  of  the  adjusted  tungsten  lamp  are  taken  at 
the  same  wavelengths.  Finally,  Wien's  law  describing  the  wavelength  depen- 
dence of  an  emitting  black  body  is  employed  to  derive  a complex  function 

I.  . . . , 
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which,  when  coupled  with  the  measured  values,  can  be  plotted  against  the 
lower  energy  level  of  the  spectral  lines  which  were  employed.  The  slope 
of  this  plot  yields  the  desired  temperature,  whose  value  agrees  well  with 
those  obtained  using  other  methods.  Reif,  Fassel,  and  Kniseley  (141B1 
also  emphasized  the  importance  of  accurate  transition  probabilities  when 
the  slope  or  two-line  method  of  spectroscopic  temperature  determination 
is  employed.  Frrors  as  large  as  150  K can  arise  through  transition  proba- 
bility errors.  Other  errors  in  fhime  temperature  measurement,  deriving 
from  cold  boundary  layers  in  the  observed  regior,  were  cited  by  Daily  and 
Kruger  (27B') . llayhurst  and  Kittelson  (blB)  employed  electrically  heated 
thermocouples  of  Ir  and  of  Ir/Rh  to  determine  fhime  temperatures  below 
2400  K.  Interestingly,  they  also  found  it  possible  to  determine  the 
flame's  thermal  conductivity  by  measuring  the  heat  transfer  coefficient 
between  the  fhime  gases  and  thermocouple  wire  as  the  wire's  diameter  was 
changed.  Users  of  the  method  are  cautioned  that  uncoated  thermocouple 
wires  can  undergo  catalytic  heating,  especially  in  the  reaction  zone  of 
hydrogen  flames,  where  radical  concentrations  are  high. 

A detailed  appraisal  of  Abel  inversion  methods  for  spatially  resolved 
spectroscopic  measurements  was  published  by  Scheeline  and  Walters  (ISOBl; 
these  same  authors  described  algorithms  for  implementing  the  inversion  1149B). 
The  influence  of  temporal  and  spatial  inhomogeneity,  optical  alignment, 
and  depth  of  field  distortion  were  all  ex;imined  and,  unless  controlled, 
were  found  to  generate  significant  error.  Rogoff  (lllB)  described  a clever 
optical  system  for  an  automat  i c Abel  inversion  in  a cy  1 i ndri  ca  1 ly  s\-mmetrical 
radiating  medium.  Titi,  Cattolica,  Robben,  and  Talbot  (136B)  employed 
Rayleigh  scattering  measurements  to  determine  temperature  and  density  in 
a hydrogen-air  flame. 
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Both  vortical  and  swirl  gas  velocities  in  fliunes  were  measured  using 
a laser  Doppler  anemometrv  technique  developed  b\-  Chigier  and  Dvorak  (J5I!). 

Kith  the  new  technique,  which  is  based  on  optical  heterodyning,  localized 
velocities  can  be  determined  without  the  necessity  of  disturbing  the  flame 
or  inserting  probes  into  it.  Vertical  flame  velocities  were  determined 
by  Cox  through  use  of  two  thennocouples  spaced  a known  vertical 

distance  within  the  flame.  Random  localized  thermal  variations,  propagating 
upward  with  the  flame  gases,  tlien  induced  similar  variations  in  the  out- 
put of  each  thermocouple.  Cross-correlation  of  the  electrical  signals 
from  the  two  thermocouples  tlien  enables  the  determination  of  tlie  tempoi'al 
displacement  of  the  thermocouples  and  a resultant  evaluation  ot'  flame 
velocity.  Schlieren  tecliniques,  widely  used  to  evaluate  flame  or  plasma 
homogeneity  and  laminarity,  can  be  rendered  far  more  sensitive  if  the 
illuminating  source  is  tuned  to  the  edge  of  a resonance  line  of  a species 
within  the  flame.  Such  an  approach  was  utilized  by  Siebeneck,  Koopman, 
and  Cobble  (.ISoBl,  wlio  seeded  a plasma  with  h.iriimt  atoms  aiui  tuned  an 
exciting  dye  laser  to  the  edge  of  a barium  ion  line;  improiement s in  sensi- 
tivity of  UUl-lOOOX  were  claimed. 

The  frequency  distribution  of  noise  present  in  a number  of  primari’ 
sources,  plasmas,  and  flames  was  reported  by  Talmi,  Crosraun,  and  Larson 

(ISDBl.  Noise  spectra  from  most  sources  were  similar,  exliibiting  1/f  I 

1 

character  at  low  frequencies  and  appearing  "white"  elsewhere.  However, 

certain  flames  supjiorted  on  Meker  burners  possessed  iiigh  frequenci  peaks  i: 

which  were  attributed  to  organ-pipe  oscillations  within  the  burner  top. 

In  addition,  unexpected  structure  in  the  spectrum  of  noise  from  a turbu- 


lent flame  was  ascribed  to  either  the  aspiration  system  or  to  desolvation/ 
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vaporization  processes.  In  a later  exchange,  Ingle  and  Talmi  (728)  dis- 
agreed whether  flicker  noise  was  emphasized  sufficiently  in  the  earlier 
noise  source  investigation.  Liddell  (96B)  examined  fluctuations  in  an 
atomic  absorption  signal  which  exist  when  no  analyte  is  present.  Under 
such  conditions,  which  should  hold  near  the  detection  limit  for  analytical 
determinations,  dominant  noise  sources  were  found  to  be  photon  noise, 
lamp  flicker,  and  variations  in  flame  transmission.  Pealat,  Bailly,  and 
Taran  (130B)  examined  noise  in  turbulent  flames  using  Raman  measurement 
of  N2  density  fluctuations. 

An  electric  field,  generated  by  potentials  in  the  kilovolt  range, 
can  increase  the  propagation  rate  of  an  alkane-air  flame,  according  to 
a study  by  Yachkov,  Polonskii,  and  Klimov  (170B).  Apparently,  the  elec- 
tric field  accelerates  positive  ions  within  the  flame,  which  in  turn  enhances 
combustion  through  mechanical  disturbance  of  the  flame  front.  Kimura  and 
Ogiwara  (84B)  examined  the  influence  of  a magnetic  field  on  an  air-propane 
flame  which  had  been  augmented  with  a 1.2  KW  electrical  discharge.  The 
magnetic  field  seemed  to  aid  in  dispersion  of  the  electrical  discharge 
energy  throughout  the  flame  but  caused  undesirable  spirals  in  the  flowing 

I 

charged  gas  stream.  j 

\ 

In  this  section,  publications  will  be  reviewed  which  deal  primarily 
with  new  instrumentation  designed  for,  or  applicable  to,  flame  emission, 
atomic  absorption,  and  atomic  fluorescence  spectrometry.  We  have  attempted 
to  divide  the  papers  into  categories  dealing  with  specific  instrumental 
components;  however,  because  many  papers  deal  with  several  aspects  of  a 

J 
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spectrometric  system,  some  overlap  is  expected.  Therefore,  readers  inter- 
ested in  a thorough  coverage  of  any  specific  component  are  urged  to  exajiiine 
all  categories. 

Perhaps  the  most  novel  new  technique  for 
nebulizing  sample  solutions  was  introduced  by  Dresner  (71C)  and  employed 
a device  termed  a "Babington  nebulizer".  In  this  device,  the  nebulizing 
gas  is  passed  into  a hollow  sphere  in  whose  surface  exists  a small  hole 
or  slot.  The  liquid  to  be  nebulized  is  merely  allowed  to  flow  over  the 
outer  surface  of  the  sphere,  past  the  hole  or  slot,  and  is  thereby  disrupted 
into  a fine  aerosol.  Required  air  operating  pressure  is  in  the  range  of 
5 to  20  psi  common  to  flame  spectrometry  and  a droplet  size  range  between 
2 and  50  urn  is  produced.  Application  of  the  Babingtcn  system  to  analytical 
flame  spectrometry  was  reported  by  Fry  and  Denton  (92C).  In  a dramatic 
demonstration,  it  was  shown  possible  to  nebulize  liquids  ranging  from 
medium-weight  oil  to  undiluted  tomato  paste  and  to  pass  the  resulting 
aerosol  directly  into  a flame.  Although  pulpy  or  fibrous  samples  (such 
as  tomato  paste)  were  found  to  separate  somewhat  in  the  aerosol  stage, 
the  more  fluid  portions  of  even  such  samples  were  carried  efficiently  into 
the  source  and  useful  analytical  determinations  could  be  made  on  them. 

From  initial  accounts,  the  "Babington"  nebulizer  would  seem  to  offer  sub- 
stantial promise  for  the  analysis  of  difficult  samples  in  flame  spectrometry. 
An  ultrasonic  nebulizer  contained  entirely  within  the  base  of  a laminar- 
flow  burner  was  devised  by  Suddendorf,  Gutzler,  and  Denton  (258C)  and  used 
to  introduce  microvolumes  of  sample  solution  reproducibly  into  the  flame. 

The  most  useful  sample  volumes  were  found  to  be  in  the  range  of  25-100  ul, 
although  volumes  as  large  as  300  wl  could  be  employed  if  improved  concen- 


I 


tration  detection  limits  were  needed. 
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Branched  pneumatic  nebulizer  capillary  tubes  for  sample  introduction 
were  explored  by  a number  of  workers  for  different  reasons.  Fuller  t94C) 
inserted  samples  into  one  arm  of  the  capillary  and  standard  solutions  into 
the  other  to  simplify  standard  addition  determinations;  in  addition,  inter- 
element interferences  were  found  to  be  easily  examined  by  introducing  inter- 
ferents  into  the  second  capillary  branch.  In  contrast,  Miller  and  Fdwards 
(190C)  showed  that  interferences  could  be  overcome  by  adding  releasing  agents 
through  a second  capillary  and  mixing  them  with  sample  solution  within  the 
dip  tube  itself.  Goulden  (103C)  showed  that  required  sample  solution  volumes 
could  be  reduced  by  injecting  air  into  the  sample  capillary  dip  tube  through 
a side  arm.  In  this  way,  the  magnitude  and  duration  of  the  signal  could  be 
increased  and  samples  as  small  as  25  pi  could  be  employed.  A branched  sample- 
introduction  capillary  was  also  employed  by  Tse,  Wong,  and  Wong  (27bC)  to 
combine  a sample  contained  in  an  organic  solvent  with  an  aqueous-based  stan- 
dard solution.  Not  unexpectedly,  an  error  of  up  to  20%  resulted  from  this 
procedure,  presumably  because  inorganic  salt  standards  do  not  volatilize  c;.- 
actly  as  their  organic  counter{)arts . A conventional  burner  was  modified  for 
use  with  organic  liquid  fuels  by  Singhal  and  Banerjee  (242C)>  simply  by 
branching  the  nebulizer  tube  and  introducing  the  organic  fuel  in  one  arm. 
Fuller  (93C  ) found  that  stable  slurries  could  be  formed  from  finely- 
ground  oxides  by  dispersing  them  in  a 0.005%  Na  hexametaphosphate  solution; 
the  slurries  could  then  be  nebulized  directly.  Fuller  and  Thompson  (95C  ) 
mixed  thixotropic  and  defoaming  agents  into  the  same  kind  of  slurry  and 
found  that  the  resulting  suspensions  would  be  stable  for  several  days. 
Obviously,  the  resulting  highly  viscous  sample  would  be  more  amenable 
to  analysis  in  an  electrothermal  atomizer  than  in  a flame.  By  adding 
a small  amount  of  surfactant  followed  by  brief  sonication,  Thompson  and 
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lioililoii  I won'  able  to  iliroctly  iicbiilizo  samples  of  wliolo  blooil. 

A comprobons i VO  tboorotioal  stvaly  of  factors  affoctiny;  tbo  porfor- 
inanco  of  pnoimiatic  nobulizors  was  publisltod  by  Hoinomaiiii  (12't(').  Nobulizor 
^oomotrv,  capillary  iliamotor,  support  I'rossuro  aiul  its  stability, 
solution  viscosity  anil  tomporaturo  fluctuations  wore  all  consiiloroil  in 
tbo  analysis.  Acconlinj;  to  Ituilnovsk  i i , Domarin,  Molyanov,  anil  Sklomina 

tbo  optimum  tomporaturo  for  boatoil  ilosolvation  cliambors  is  2S0°  (i 
for  aipioous  sami'los,  lod”  t!  if  motbyl  isobutyl  kotono  is  omployoil,  ami 
JJll”  f for  isoamyl  alcohol  sam|ilos.  With  tbo  jiroiior  ilosolvation  ebambor 
tomoraturo,  siy;nals  can  bo  incroasoil  as  mucb  as  twont y- foKl . Roiscbl, 

John,  ami  Dovor  fouml  that  tho  cbarjjo  aciiuiroil  by  aorosol  ilroplots 

as  tboy  aro  pnoumat  i ca  1 1 y };onoi'atoil  can  bo  noutralizoil  by  opposite  imluc- 
t i VO  cbai'jjin^;,  simply  by  surroumlin}’  tbo  nobulizor  tip  with  an  inert  oloctroilo 
maintainoil  at  a liiyji  I'otontial. 

Stupar  introilucoil  a now  loni;-patb  burner  for  use  with  oitbor 

ai  r-acoty  lone  or  nitrous  ox  i ilo-acot  y 1 one  mixtures,  l-lamo  ^asos  exit  the 
burner  tbrouy.b  two  imrallol  slots,  between  wbicb  aro  ports  throunb  wbicb 
tbo  sample  aorosol  is  carrioil  by  flowinj;  ai'non;  aorosol  is  suiijilioil  from 
a ^ Mllz  ultrasonic  nobulizor.  Ailvantanos  claimoil  for  tbo  now  burner  aro 
roilucoil  complications  from  lateral  iliffusion  i nt or foroncos , a roiluctiim 
in  flann*  backfjrouml , a richer  roilucin^;  environment  to  aiil  in  atom  foimiation, 
ami  tbo  ability  to  bamllo  incroasoil  sample  volumes.  Kono  (ItvlC)  also 
ilovisoil  a mul  t i]ilo-slot  flame,  but  omployoil  bis  two  outer  slots  to  "saml- 
wicb"  the  ai r-acoty lone  flame  issuing  from  a central  slot  between  two 
shoots  of  flowinj;  oxygon.  The  ilosijjn  appoaroil  especially  useful  when 
or^.inic  solvents  .are  omployoil  anil  was  claimoil  to  proviilo  a bi>;ber  flame 
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temperature.  One  wonders  what  the  temperature  gradient  in  such  a flame 
might  be.  Thompson  and  Godden  (268C)  slightly  widened  the  slot  in  their 
nitrous  oxide-acetylene  burner  top  and  employed  pulse  nebulization  to  mini- 
mize clogging  when  highly  concentrated  (10%  weight/volume)  seimples  were 
introduced.  Their  flame  was  also  diluted  with  nitrogen  to  avoid  flash- 
back problems.  An  empirical  expression  derived  by  Maekawa  (182C)  describes 
the  effect  of  channel  length  on  flame  quenching  in  a rectangular  port 
such  as  found  in  a slot  burner.  Heated  absorption  tubes,  coupled  with 
cool  flames,  were  utilized  by  Uchida  and  I ida  (277C)  and  by  lida  and  Uchida 
(131^C);  the  latter  study  marks  the  first  time  an  indirect  (chamber)  nebu- 
lizer has  been  employed  with  an  absorption  tube. 

Publications  discussed  in  this  section  emphasize  sample  intro- 
duction into  flames.  However,  some  devices  are  used  by  themselves  and  the 
interested  reader  is  referred  to  the  later  section  on  electrothermal  and 
other  non-flame  atomization  approaches.  Reviews  covering  methods  for  direct 
solid  sample  atomization  were  jirepared  by  Langmyhr  (173C)  and  Razumov  ( 223C) 
The  thesis  by  Bath  (12C)  dealt  witli  similar  material.  The  review  by  L'vov 
(178C)  emphasized  methods  for  analysis  of  powders. 

Lord,  McLaren,  and  Wheeler  (17faC)  freeze-dried  biological  samples, 
diluted  them  with  naphthalene,  pressed  them  into  pellets,  and  aiomizec 
them  directly  in  an  electrothermal  system.  Marks,  Welcher,  and  Spellman 
(184C)  utilized  a similar  approach  to  determine  several  metals  in  milled 
chips  of  complex  alloys.  As  in  most  solid  sampling  procedures,  it  was 
necessary  to  employ  specially  fabricated  standards  which  were  similar 
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in  composition  to  samples.  An  induction  furnace  was  used  by  Thomasscn, 
Solberg,  and  Hanssen  (267C)  to  atomize  air  particulate  samples  collected 
on  a filter  paper.  Gough  (102C)  modified  a sputtering  chamber  to  permit 
the  direct  analysis  of  metals  in  alloys;  the  new  system  provides  higher 
atomic  densities  and  permits  more  convenient  measurements  using  atomic 
absorption.  McDonald  (187C)  added  internal  standards  to  samples  atomized 
in  a sputtering  chamber  to  correct  for  variations  in  sputtering  rate.  As 
a result,  a single  set  of  standards  could  be  utilized  for  the  analysis  of 
alloys  and  powdered  metallic  and  non-metallic  samples.  The  versatile  sam- 
ple position  mechanism  described  by  Chaban  and  Hagstrum  (tlC)  would  prove 
quite  useful  in  such  sputtering  chambers. 

In  the  "boat  method"  for  solid  sample  determination  in  flame  spectrom- 
etry, samples  are  held  within  the  flame  on  a convenient  support  material 
and  allowed  to  atomize  slowly.  This  technique  was  critically  evaluated 
by  Orlov,  Pobedonostev,  and  Savel'ev  (202C) . The  effect  of  flame  temper- 
ature, boat  thickness,  its  composition  and  height  in  the  flame,  and  the 
effect  of  fuel  richness  above  the  boat  wore  all  examined.  Apparently, 
the  boat  casts  a "shadow"  in  the  flame,  to  produce  a carbon-rich  atmosplicre 
above  it,  thereby  increasing  the  incidence  of  carbide  formation  and  reducing 
atom  formation  efficiency. 

The  most  common  method  for  introduction  of  microsamples  into  flames 
still  involves  the  application  of  the  sample  to  a refractory  support  followed 
by  insertion  of  the  support  into  a flame.  A review  and  assessment  of 
the  problems  associated  with  this  technique  was  published  by  Vogel  and 
Hartley  (287C).  Shapkina  and  Prudnikov  (2370  and  Kubota,  Golightly,  and 
Mavrodineanu  (167C)  found  platinum-based  alloy  wires  to  be  a suitable 
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support  medium  for  samples  of  relatively  volatile  elements.  In  contrast, 
Kahl,  Mitchell,  Kaufman,  and  Aldous  (147C)  showed  that  a wider  ranjje  of 
elements  could  be  determined  if  the  support  were  a microsampling  cup  con- 
structed of  Mo  metal  and  inserted  into  an  N2O/C2H2  flame.  To  minimize 
oxidation  of  the  Mo  cup  and  thereby  extend  its  lifetime  and  reduce  non- 
specific absorption  by  Mo  oxides,  the  cup  was  allowed  to  cool  in  a special 
container  sheathed  with  nitrogen.  The  stainless  steel  burner  employed 
with  the  Mo  cup  system  is  also  worthy  of  note,  since  it  was  designed  for 
flashback  prevention  and  enclosed  an  unusually  small  volume  of  premixed 
combustible  gases.  Prudnikov  and  Shapkina  (216C)  inserted  a resistively 
heated  pyrolytic  graphite  filament  into  a N2O/C2H2  flame  to  obtain  a sample 
support  which  could  be  raised  to  the  sublimation  temperature  of  graphite 
in  a one-second  period.  F.xtremely  high  sensitivity  and  impressive  pre- 
cision resulted.  The  same  "furnace-in-flame"  approach  was  compared  by 
Prudnikov  and  Shapkina  (217C)  to  a simple  platinum  wire  introduction  method 
in  an  air-acetylene  flame.  Best  results  were  obtained  by  using  low  flame 
gas  flows  and  by  carefully  selecting  the  region  above  the  sample  support 
where  measurements  were  taken.  Prudnikov  (214C)  extended  the  same  tech- 
nique by  employing  a two-stage  burner.  A lower  "needle"  flame  aids  in 
volatilizing  the  sample  from  the  electrically  heated  graphite  atomizer 
inserted  into  it;  additional  gas  entry  ports  higher  in  the  flame  form  a 
more  reducing  environment  and  provide  better  excitation.  Extremely  impres- 
sive detection  limits  were  cited.  Hie  "furnace-in-flame"  technique  was 
compared  to  several  competitive  microsampling  approaches  by  Prudnikov, 
Kalachev,  and  Shapkina  (215C)  and  it  was  concluded  that  sensitivity  and 
range  of  application  arc  best  for  electrotherma 1 ly  heated  graphite  cuvettes 
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in  argon.  In  contrast,  the  simplest  device  was  an  electrotherma 1 ly  heated 
graphite  rod  or  cuvette  operated  in  air.  Volatile  elements  can  be  easily 
determined  simply  by  introducing  them  into  a flame  on  an  inert  support 
while  oxidizable  or  refractory  elements  are  best  measured  with  a furnuce- 
in-flame  method  or  with  an  argon- surrounded,  electrically  heated  graphite 
cuvette.  Skudaev,  Shipitsin,  and  Morozov  (244C)  adjusted  the  flame  velocity 
around  an  electrically  heated  graphite  rod  to  minimize  turbulence.  Also, 
the  rod  configuration  enabled  larger  sample  volumes  to  be  employed,  thereby 
increasing  concentration  sensitivity.  With  these  modifications,  precision 
and  detection  limits  were  comparable  to  those  cited  for  conventional  electro- 
thermal atomization,  but  non-specific  absorption  was  substantially  reduced 
and  difficult-to-analyze  samples  could  be  handled  more  easily.  Razumov 
(22SC)  sealed  samples  into  a hollow  graphite  tube  fashioned  from  a spectro- 
graphic  electrode  and  heated  the  tube  resistively  while  it  was  supported 
in  a natural  gas  flame.  Volatilized  sample  atoms  then  diffuse  slowly 
through  the  walls  of  the  electrode  into  the  flame,  where  they  are  observed 
by  atomic  absorption  or  fluorescence.  Because  of  the  low  flame  rise  velocity, 
atoms  reside  in  the  observation  region  longer,  and  provide  larger  signals. 
Moreover,  solids  and  viscous  liquids  can  be  handled  with  ease.  In  a later 
publication,  Razumov  (224C)  empirically  determined  optimal  experimental 
conditions  for  use  with  the  chamber  electrode  atomizer. 

Eagle  and  Orren  (73C)  reproducibly  nebulized  sub-milliliter  volumes 
of  sample  solution  into  a flame  merely  by  briefly  dipping  the  nebulizer 
tube  into  the  desired  sample.  Peak  integration  was  found  to  provide  highest 
precision.  Inglis  and  Nicholls  (1391')  described  a simple  sample  injection 
valve  for  the  introduction  of  sample  microvdlumes. 
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A dc  arc  discharge,  mounted  outside  the  flame,  was  employed  to  atomize 
solid  samples,  powders,  and  liquids  by  Kantor,  Fodor,  Youssef,  and  Pungor 
(149C) . Similarly,  Dorofeev,  Mikhailov,  Razyapov,  and  Chupakhin  (70C) 
employed  an  interrupted  arc  between  carbon  electrodes  for  atomization. 

Sample  solution  sprayed  into  the  arc  produced  atomic  absorption  calibration 
curves  which  were  linear  over  three  orders  of  magnitude.  A high-voltage 
spark  served  as  a solid  sample  atomizer  feeding  a flame  in  the  device  of 
Human,  Scott,  Oakes,  and  West  (135C) , but  rather  long  pre-spark  times  were 
required  for  the  generation  of  stable  signals.  Induction  heating  of  samples 
yielded  high  sensitivity  for  mercury  determination  in  the  atomic  absorption 
measurements  of  Kuwae,  Ilasegawa,  and  Shono  (171C).  McCullough  and  Vickers 
(186C)  directed  the  atomic  vapor  from  a tantalum  filament  vaporizer  up 
the  nebulizer  tube  of  a conventional  atomic  absorption  burner  system. 

Not  only  could  microsamples  be  utilized,  but  the  device  exhibited  relative 
freedom  from  non-specific  absorption  effects. 

Because  of  the  success  enjoyed  by  the  inductively  coupled  plasma 
torch  in  emission  spectroscopy,  it  is  not  surprising  to  see  it  employed 
as  an  atom  reservoir  for  absorption  and  fluorescence  as  well.  Montascr 
and  Fassel  (192C)  showed  that  cadmium,  zinc,  and  mercury  yield  even  higher 
atomic  fluorescence  than  atomic  emission  signals  from  such  a torch  if 
an  electrodeless  discharge  lamp  supplies  the  primary  radiation.  The  induc- 
tively coupled  plasma  torch  designed  by  Me'met  and  Trassy  (188C)  is  in- 
tended specifically  for  use  in  atomic  absorption.  Plasma  gases  enter  the 
torch  from  the  side  while  the  bottom  has  been  removed  to  enable  resonant- 
radiation  to  be  directed  down  the  rather  lengthy  plasma  bore  and  thereby 
provide  higher  sensitivity.  A theoretical  evaluation  of  the  utility  of 


high-temperature  plasma  atomizers  in  atomic  absorption  was  forwarded  by 
Korovin  (165C),  Belyaev,  Tatsii,  Vnukevskaya , and  Makarova  (15C)  observed 
both  emission  and  absorption  from  a combined  flame-arc  discharge.  Located 
within  the  flame,  the  arc  served  both  as  sample  atomizer  and  emission 
source,  whereas  absorption  was  observed  higher  in  the  flame,  where  arc 
background  was  minimized.  Lau,  Held,  and  Stephens  (174C)  collected  atoms 
on  a water-cooled  silica  tube  placed  within  an  air-acetylene  flame.  After 
a sufficient  number  of  atoms  were  trapped,  they  were  released  to  provide 
a much  larger  signal.  Sensitivities,  trapping  efficiencies,  and  atomi- 
zation kinetics  of  the  device  were  evaluated  for  several  elements. 

High-power  lasers  are  still  being  investigated  as  potential  atomi- 
zation devices  for  atomic  absorption  and  fluorescence  spectrometry.  It 
has  been  found  possible  to  vaporize  solids,  liquids,  powders,  and  slurries 
and  the  resulting  vapor  has  alternatively  been  observed  directly  or  been 
swept  into  long-path  tubes  or  flames.  Regardless,  sensitivity  remains 
mediocre,  interferences  are  frequent,  and  precision  is  marginal.  Laser 
atomizers  have  been  investigated  by  Ishizuka,  Uwamino,  and  Sunahara  (NOCl, 
Kantor,  Polos,  Fodor,  and  Pungor  (150C),  Higgle,  Gehring,  and  MacFarlane 
CfabC) , Sukhov,  Zalotukhin,  and  Zyabkina  (259C) , and  by  Vul'fson,  Gribovskaya, 
Karyakin,  and  Yanushkevich  (288C) . Matousek  and  Orr  (1850  enclosed  their 
sample  in  a graphite  tubular  furnace  and  irradiated  it  with  a pulsed  CO; 
laser.  The  furnace  not  only  controls  initial  temperature  and  confines 
the  laser  plume  to  a desired  region,  but  provides  a well-defined  atom  cell 
and  controls  the  absorbing  light  path  precisely.  Koenig  and  Neumann  (157C) 
directed  the  beam  of  a continuous-wave  ion  laser  back  and  forth  across 
their  sample  in  a raster  pattern  to  allow  spatial  profiling  of  sample  con- 
centrations with  a resolution  of  0.008  mm^ . 


45 


Cathode  Lamps.  A useful  review  on  hollow  cathode  discharges  oriented  to- 
ward their  application  as  spectrochemical  emission  sources  was  prepared 
by  Slevin  and  Harrison  (2470),  Bevan  and  Kirkbright  (210)  evaluated  the 
influence  of  fill-gas  pressure,  cathode  temperature,  and  discharge  current 
on  the  spectral  profile  of  the  Oa  422b. 7 X resonance  line  in  a demountable 
hollow  cathode  lamp.  Apiiarently,  Doppler  effects  and  self-absorption 
are  the  only  significant  causes  of  broadening  in  such  a source  and  these 
are  minimized  by  water  cooling  of  the  cathode  and  continuous  mirging  of 
fill  gas,  Zhechev,  Dyulgerova,  and  Angelova  (3080)  sliowed  that  spectral 
line  shape  and  width  vary  radially  across  a hollow  catliode  discharge. 

Zhechev,  Dyulgerova,  and  Pacheva  (3070)  also  obtained  high-resolution 
scans  of  emission  lines  from  hollow  cathode  lamps. 

The  thesis  by  Kuo  (lb9C)  explored  programmed  high-current  hollow 
catliode  lamps  in  analytical  spectroscopy.  Also,  Kabanova  and  Sautina  (14b0) 
found  less  noise  in  atomic  absorption  measurements  performed  with  a pulsed 
hollow  cathode  lamp.  Not  unexpectedly,  lamp  pulsing  is  most  helpful  for 
weak  emission  lines  and  when  high-temperature  atom  cells  arc  employed. 
Johnson,  Mann,  and  Vickers  (145C)  employed  a computer-controlled  power 
supply  and  a simplex  algoritlim  to  ascertain  optimal  conditions  for  opera- 
ting hollow  cathode  lamps  in  a pulsed  mode.  Plots  were  presented  showing 
the  influence  of  selected  variables  (peak  current,  pulse  width,  and  con- 
tinuous dc  level)  on  both  peak  and  integrated  lamp  intensity  as  other 
variables  were  held  at  their  optimal  level.  More  detail  on  these  experiments 
is  found  in  the  thesis  by  Johnson  (144C)  . Caroli,  Milazzo,  and  Benincasa 
( 38C  ) proved  the  hollow  cathode  source  to  be  more  stable  than  either  a 
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glow  discharge  lamp  or  a spark  light  source.  Theoretical  and  experimental 
determinations  of  rare-gas  ion  and  metastable  atom  concentrations  and  ex- 
citation mechanisms  in  hollow  cathode  lamps  arc  discussed  in  the  papers 
by  Djulgerova,  Jechev,  I'acheva,  and  Rashev  (67C  ),  kojadinovic  and  Ricard 
( loaC) , and  Ferreira  and  Pelcroix  (82C,  83C  ). 

Electrodeless  Discharge  Lamps.  Ba:hov  and  Zherebenko  ( 13C)  attempted 
to  explain  the  oscillatory  instability  exhibited  by  some  elcctrodeless 
discharge  lamps  (HDLs)  constructed  using  metal  halides.  Their  hypothesis 
is  that  vaporized  intact  halide  molecules  or  molecular  fragments  scavenge 
electrons,  leading  to  a relaxation  from  the  conventional  ring-type  dis- 
charge to  a glow.  In  the  glow  mode,  the  discharge  is  concentrated  to 
regions  of  greatest  electrical  field,  so  that  the  lamp  walls  cool,  causing 
molecular  species  to  condense  on  them.  As  a result,  electron  scavenging 
is  reduced  and  the  discharge  returns  back  to  the  conventional  mode,  which 
increases  wall  temperature  and  causes  the  cycle  to  repeat  itself.  The 
instability  can  apparently  be  overcome  by  adding  metals  to  the  lamp  which 
form  stable  gaseous  halides  having  a low  electron  affinity,  Bentley  and 
Parsons  (1^^’)  described  the  projiaration  of  EDLs  from  volatile  covalent 
hydrides  of  several  metals;  further  details  are  available  in  the  thesis 
by  Bentley  ( 16C) . Barnett,  Vollmer,  and  Denuzzo  (lOCl  evaluated  commer- 
cial EDL  sources  and  found  them  to  be  far  more  intense  than  similar  hollow 
cathode  lamps.  Childs  and  Schrenk  (,47c1  examined  different  fill  materials, 
inert  gases,  pressures,  and  temperatures  for  the  preparation  of  sulfur  FPLs 
with  greatest  intensity  and  stability.  The  best  lamps  were  prepared  using 
S or  M2S  with  lie,  Ne,  or  Ar  at  0. 1-0.2  torr.  Commercial  FPl.s  were  applied 
to  atomic  fluorescence  spectrometry  by  Ullman,  Favez,  and  Winefordner  (27801 
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and  found  to  produce  no  better  detection  limits  than  a 300  W cimac  lump, 

t 

Drift  was  cited  as  the  most  serious  drawback  of  the  commercial  KDLs. 

Gabriel  (97C  ) described  a new  resonant  cavity  for  use  with  EDLs  which 
provides  a high  voltage  field  for  auto-ignition  of  the  lamp.  A flexible, 
efficient  slab-line  cavity  for  the  excitation  of  EDLs  was  devised  by  Hammond 
and  Outred  (112C) . Castleden  and  Kirkbright  ( 39C)  determined  both  line 
profiles  and  spatial  intensity  distributions  for  Pb  electrodeless  discharge 
lamps;  line  intensity  appears  to  be  greatest  just  inside  the  tube  wall 
and  decreases  to  about  1/3  its  maximum  value  at  the  tube  center.  Kuramochi, 

Matsuo,  Matsuda,  and  Fukuyo  (170C)  measured  spectral  profiles  of  an  iso- 
topical  ly  pure  Rb  EDL. 

Spectral  Continua  and  Other  Sources.  Johnson,  Fowler,  and  Winefordner 
(143C)  compared  a pulsed  and  continuous-wave  eimac  continuum  xenon  lamp 
in  their  abilities  to  excite  atomic  fluorescence.  Surprisingly,  the  two 
were  found  to  be  comparable,  primarily  due  to  the  instability  of  the  pulsed 
lamp  and  its  large  required  dc  operating  current.  In  contrast,  Boutilier, 

Bradshaw,  Weeks,  and  Winefordner  ( 28C)  showed  that  pulsed  sources,  coupled 
with  gated  detection  systems,  should  produce  superior  signal-to-noise 
ratios  for  non-resonance  atomic  fluorescence.  Moreover,  if  time-resolution 
techniques  can  be  employed  with  the  pulsed  source,  even  resonance- line 
fluorescence  measurements  should  be  superi<^  -■  to  those  obtainable  with  a dc 
source.  Unfortunately,  few  present  sources  can  be  pulsed  on  a time  scale 
which  would  permit  resolution  of  atomic  fluorescence  from  background  scatter- 
ing signals.  Hopefully,  this  limitation  will  be  overcome  with  the  develop- 
ment of  new  laser-based  sources.  Cochran  and  Hieftje  ( 52C)  examined  the 
spectral  and  noise  characteristics  of  an  eimac  arc  lamp  and  showed  that 
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much  of  the  lamp's  instability  arises  from  thermally-produced  turbulence 
above  the  arc.  Consequently,  blocking  that  portion  of  the  lamp's  reflector 
results  in  a lowered  signal  but  an  improved  S/N  ratio.  Image  quality  of 
the  arc  within  the  eimac  lamp  was  found  to  be  far  inferior  to  that  produced 
by  conventional  short-arc  xenon  lamps,  making  the  eimac  device  less  desirable 
when  a point-source  is  needed.  Talmi , Crosmun,  and  Larson  (265Cl  published 
noise  spectra  of  several  other  primary  sources  used  in  atomic  spectrometry. 
The  thesis  by  Brinkman  (30C)  explores  the  use  of  exploding  wires 

as  continuum  excitation  sources  for  atomic  fluorescence  spectrometry. 

Popov  and  Aleksandrov  (213C)  devised  a circuit  useful  for  supplying  and 
modulating  the  power  to  gas  discharge  lamps. 

Omenetto,  Boutilier,  Weeks,  Smith,  and  Winefordner  (200C)  investigated 
the  surprisingly  low  signal -to-noise  improvement  which  has  been  reported 
for  pulsed-source  atomic  fluorescence  spectrometry.  The  reasons  for  such 
low  gain  are  different  for  various  sources.  Pulsed  hollow  cathode  lamps 
must  produce  a peak  radiance  100-1000  times  that  of  a continuous-wave  lamp 
to  provide  equivalent  signal-to-noise  ratios  because  of  the  duty  factor 
involved.  Self-reversal  in  pulsed  hollow  cathode  lamps  aggravates  this 
situation.  In  contrast,  pulsing  a xenon  arc  kimp  produces  a change  in 
spectral  distribution  and  lamp  efficiency  drops.  Laser  sources  are  plagued 
with  multimode  operation  wlien  tliey  are  pulsed  and  are  limited  in  their 
utility  by  saturation  of  atomic  energy  levels.  Consequently,  greatest 
gain  will  be  obtained  with  laser  sources  when  high  saturation  powers  are 
required  (e.g.,  for  UV  lines')  and  when  quenching  is  severe. 

Tunable  Lasers.  Despite  earlier  indications  of  the  impract ical i ty  of 
tunable  lasers  in  analytical  atomic  spectroscopy,  applications  of  such 
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sources  continue  to  increase,  and  several  new  techniques  employing  tunable 
lasers  have  been  developed.  Moreover,  the  ability  of  such  lasers  to  provide 
important  fundamental  information  on  atoms  and  their  interaction  with  radi- 
ation has  generated  an  enormous  number  of  papers  in  the  physics  literature. 

We  will  not  attempt  here  to  cover  exhaustively  the  fundamental  information 
which  has  been  obtained  with  lasers  over  the  last  biennium.  However,  we  hope 
to  indicate  the  scope  of  laser  applications  and  assess  the  importance  of 
lasers  to  future  work  in  atomic  spectrochemical  analysis. 

Walther  (2920  has  prepared  a review  dealing  with  both  fundamental 
and  practical  applications  of  tunable  lasers  to  atomic  spectroscopy;  in 
contrast,  Steinfeld's  (2540  review  is  broader,  covering  additional  appli- 
cations of  lasers  to  analytical  chemistry.  The  proceedings  of  a conference 
concerning  tunable  lasers  and  their  application  was  published  by  Mooradian, 
Jaeger,  and  Stokseth  (193C).  The  two-part  series  by  Green  (104C,  105C)  is 
didactically  oriented  and  provides  a useful  introduction  to  dye  laser 
instrumentation,  whereas  the  review  of  Querry  (219C)  covers  applications 
in  spectroscopy  of  such  lasers. 

A versatile  nitrogen-pumped  tunable  dye  laser  capable  of  being  computer 
controlled  is  described  and  characterized  in  the  thesis  by  Harrington  (121C^- 
A similar  system,  controlled  by  a microprocessor,  was  developed  by  Perry, 
Bryant,  and  Malmstadt  (206C) . Yamagishi  and  Szabo  (301C)  incorporated  a 
piezoelectric  drive  for  both  the  grating  and  etalon  in  their  tunable  dye 
laser,  making  the  system  capable  of  being  accurately  tuned  electronically. 

The  innovation  by  Hanna,  Karkkainen,  and  Wyatt  (ii3c)  eliminates  the  complex 
and  delicate  beam-expanding  telescope  which  is  employed  in  many  dye  lasers 
to  reduce  output  bandwidth.  To  expand  the  beam,  radiation  from  a dye 
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cell  is  directed  at  near  grazing  incidence  to  a prism,  which  refracts  and 
expands  the  beam,  which  then  passes  to  a grating.  The  intricacies  of 
frequency  doubling,  which  practically  limit  mucli  of  the  potential  routine 
application  of  tunable  lasers  to  atomic  spectroscopy,  were  rendered  simpler 
and  fully  automatic  by  Saikan  (233C).  In  his  system,  a frequency-doubling 
crystal  is  employed,  but  is  neither  angle-  nor  temperature-tuned.  Rather, 
the  angle  of  incidence  of  laser  radiation  upon  the  crystal  is  controlled 
by  means  of  an  automatically  rotated  dispersing  element  (prism  or  grating); 
rapid  scanning  of  the  resulting  second-harmonic  radiation  from  230-350  nm 
is  possible.  Defreesc  and  Malmstadt  (64C  ) devised  a dual-beam  dual-detector 
ratio  measurement  system  capable  of  10  ns  resolution  and  useful  for  correc- 
tion of  pulse-to-pulse  variations  in  short  laser  bursts.  Tlie  problem  of 
locking  a tunable  laser's  output  wavelength  to  that  of  a desired  atomic 
transition  can  be  accomji  1 i slied  with  the  systems  described  by  Meyer  (189C), 
Yabuzaki,  Endo,  Kitano,  and  Ogawa  (300C),  Man,  Cerez,  Brillet,  and  Hartmann 
( 183C) , and  Endo,  Yabuzaki,  Kitano,  Sato,  and  Ogawa  ( 75C) . 

Omenetto  ( 199C)  critically  appraised  the  advantages  and  limitations 
of  pulsed  excitation  sources,  including  lasers,  for  exciting  atomic  fluores- 
cence. The  review  on  laser  fluorimetry  by  Zare  (306C)  was  broader,  but 
indicated  several  areas  of  application  in  atomic  spectroscopy.  Smith, 
Blackburn,  and  Winefordner  (249C)  partially  overcame  the  disadvantage  of 
a limited  tunable  range  exhibited  by  CIV  dye  lasers  by  employing  non-resonance 
transitions.  Impressive  detection  limits  were  cited  for  Na  and  Ba  in  air- 
acetylene  and  N2O-C2II2  flames.  Green,  Travis,  and  Keller  (107C)  also 
measured  Na  and  Ba  using  a CW  laser,  but  in  a U2-02-Ar  flame.  Measure- 
ments of  scatter  and  noise  from  their  flame  as  a function  of  excitation 


power  led  them  to  claim  that  signal-to-noise  ratios  increase  little  beyond 
laser  powers  of  10  W,  making  high-power  pulsed  lasers  of  limited  utility. 

On  the  contrary,  we  feel  that  the  small  accessible  wavelength  range  of  GV 
lasers  and  their  high  rate  of  dye  consumption,  coupled  with  tlie  ability  of 
pulsed  lasers  to  saturate  atomic  transitions  and  permit  non-resonance  line 
detection,  combine  to  render  pulsed  lasers  optimal  at  present.  Alkemade 
and  Wijchers  ( 3C)  also  take  Green,  et  al.,  to  task  by  indicating  that  a 
dip  seen  in  the  center  of  a measured  spectral  line  might  not  have  been  self- 
reversal, as  claimed,  but  was  perhaps  a result  of  unintentional  spatial 
masking  of  the  flame.  Smith,  Winefordner,  and  Omenetto  (248C)  were  able 
to  saturate  Na  in  an  air-acetylene  flame  at  an  incident  radiant  power  density 
of  10^3  w/cm^  nm,  provided  by  a GV  dye  laser.  Under  saturated  conditions, 

Na  concentration  profiles  were  measured  in  two  flames  with  a spatial  reso- 
lution of  0.01  cm.  Other  GV  dye  laser  experiments  in  atomic  spectroscopy 
were  performed  by  Walther  (291C) • 

Brod  and  Yeung  (31c  ) coupled  a flash  lamp-pumped  dye  laser  and  a long- 
path  Na  cell  to  experimentally  verify  a theoretical  expression  for  pre- 
filter  effects.  Sharp  and  Goldwasser  (239C)  also  measured  Na  in  a vapor 
cell  with  a flash-pumped  dye  laser,  but  compared  radiant  powers  necessary 
to  saturate  the  589  nm  transition  with  those  calculated  from  an  expression 
derived  from  conventional  rate  equations.  An  attempt  was  made  to  explain 
the  substantial  disparity  on  the  basis  of  coherent  superradiant  processes. 

A direct-line  transition  enabled  Hohimer  and  Hargis  (128C)  to  obtain  a 20  pg/ml 
detection  limit  for  Cs  atomized  by  a non-flame  device.  An  electrothermal 
atomizer  was  coupled  with  a powerful  pulsed  laser  by  Bolshov,  Zybin,  Zybina, 
Koloshnikov,  and  Majorov  (25C  ) for  the  measurement  of  Fe  and  Pb.  Sub-picogram 
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Cohen-Tannoud j i and  Reynaud  (53C  ),  and  Driver  and  Snider  (72c;  ). 

The  sensitivity  of  atomic  absorption  can  be  greatly  increased  if 
the  atoms  are  measured  within  the  cavity  of  a tunable  laser.  Intracavity 
absorption  has  been  reviewed  by  Stepanov  and  Rubinov  (255C)  and  a deter- 
mination of  specific  elements  using  the  teclinique  has  been  reported  by 
Burakov,  Misakov,  Nechaev,  and  Yankovskii  ( 35C) , Maeda,  Ishitsuka,  Mat- 
sumoto,  and  Miyazoe  (180C,  181C),  Traeger,  Neumann,  and  Kowalski  (275C) , 
and  Takubo  (264C) . Tohma  (273C)  and  Belokon  and  Rubinov  ( 14C)  presented 
theoretical  treatments  of  the  intracavity  absorption  process  and  considered 
the  influence  of  mode  competition  and  spatial  relaxation  within  the  laser 
on  the  sensitivity  of  such  measurements,  Antonov,  Koloshnikov,  and  Miro- 
nenko  ( 4C  ) suggested  a modulation  technique  for  increasing  the  sensi- 
tivity of  intracavity  measurements. 

A new  approach  to  elemental  analysis  employing  tunable  lasers  has 
been  described  by  Green,  Keller,  Schenck,  Travis,  and  Luther  (l06C) 
dubbed  the  "opto-galvanic  effect".  Actually,  the  effect  operates  by 
photo-enhanced  thermal  ionization  of  individual  atoms.  In  operation, 
the  current  passing  between  two  electrodes  held  in  or  near  a flame  is 
measured  while  the  electrodes  arc  held  at  constant  potential  with  respect 
to  each  other.  When  a species  residing  in  the  flame  is  excited  by  an 
incident  laser  beam,  its  degree  of  thermal  ionization  is  slightly  increased, 
leading  to  a change  in  the  measured  current.  Lock-in  amplifier  detection 
of  the  ac  current  resulting  from  a modulated  laser  helps  overcome  back- 
ground current  from  residual  ionization.  The  technique  appears  sensitive 
and  is  claimed  to  be  simpler  to  implement  than  conventional  laser  spectros- 
copy. However,  it  would  seem  that  spectral  and  ionization  interferences 
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would  still  be  exti-emely  troublesome.  The  opto-Ralvanic  effect  was  employed 
by  King,  Schenck,  Smyth,  and  Travis  (ISfaC)  to  calibrate  a tunable  laser 
output  wavelength  and  bandwidth  by  scanning  the  laser's  wavelength  and 
monitoring  the  current  passing  through  an  irrad.atcd  hollow  cathode  lamp. 

Gelbwachs,  Klein,  and  IVessel  ( 99C)  combined  saturated  absorption 
and  non-resonance  fluorescence  to  achieve  extremely  higli  sensitivity 
detection  of  Na  (to  10  atoms/ cm^) . However,  the  ultimate  detection  limit 
(a  single  atom)  was  reported  by  Hurst,  Nayfeh,  and  Young  (137C).  Their 
tecltnique  consisted  of  laser-induced  resonance  ionization  of  the  desired 
atom  followed  by  conventional  ion  detection.  Higii-reso lut ion  laser  spec- 
troscopy of  lantl\anide  ion  spectra  provides  the  basis  for  a sensitive, 
selective  method  for  tlie  measurement  of  species  in  solids,  according  to 
Gustafson  and  Wright  Cl09Cl.  Because  the  high-resolution  splitting  in 
the  measured  spectra  reflects  the  environment  of  the  lanthanide,  the 
method  is  able  to  discern  the  identity  and  concentration  of  other,  non- 
fluorescent  ions  which  lie  in  proximity  to  the  lanthanide  in  the  solid 
matrix  (298G)  • 

Several  exciting  new  techniques  for  the  measurement  of  Doppler-free 
spectra  of  atoms  have  been  developed  using  lasers  and  are  described  in 
reviews  by  llhnsch  (114G,  MSG),  Waltlier  (29U.'I,  nnd  Bloemlu'rgen  and  Leven- 
son  (24C  )•  Well-written  accounts  of  specific  techniques  were  published 
by  Feinberg,  llhnsch,  Schawlow,  Teets,  and  Wienvin  i BUG)  using  laser  polari- 
zation spectroscopy;  by  Kaminsks , Hawkins,  Kowalski,  and  Schawlow  1148G) 
with  modulated  lower-level  population  spectroscopy;  and  by  Griffith, 

Isaak,  New,  Ralls,  and  Van  Zyl  tl08G)  using  heterodyne  sjH'ct roscopy . 
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Readers  are  strongly  urged  to  consult  these  extremely  interesting  articles 
for  a description  of  the  elegant  experiments  involved.  Other  accounts  of 
high-resolution  laser  spectroscopy  of  atoms  are  those  by  Happer  (116C), 
Haroche  (120C) . and  Barger,  English,  and  West  ( 9C  ) . Clearly,  these 
new  methods  open  up  new  vistas  for  the  accurate  measurement  of  atomic 
spectra  and  fundamental  constants  and  will  be  of  both  interest  and  use 
to  analytical  spectroscop, sts  in  the  future. 

Okino,  Yamagishi,  and  Inaba  (198C)  and  Phillips  (207C) 
described  the  phenomenon  termed  radiation  trapping  and  liow  it  affects 
measured  atomic  fluorescence  lifetimes.  Radiation  trapping  occurs  in 
a dense  atomic  cloud  and  results  from  multiple  absorption  and  emission 
of  the  same  photon  energy  before  the  photon  can  leave  the  medium.  Clearly, 
the  increased  time  a photon  must  spend  in  the  atom  cloud  increases  the 
probability  of  cpienching  of  the  excited-state  energy  and  would  affect 
a measured  atomic  fluorescence  signal.  Fortunately,  radiation  trapping 
is  not  expected  to  occur  in  flames,  but  might  be  of  concern  in  electro- 
thermal atomizers,  where  rather  dense  clouds  of  atoms  arc  produced. 

An  important  factor  currently  limiting  the  application  of  tunable  lasers 
to  analytical  atomic  spectroscopy  is  the  difficulty  of  generating  tunable 
ultraviolet  radiation.  Non-linear  optical  mixing  and  frequency  multi- 
plication in  atomic  vapors  offers  one  solution  to  this  problem  and  has 
been  discussed  by  Wynne  and  Sorokin  (251C,  299C1»  Royt , I,ee,  and  Faust 
(230C),  Bjorklund,  Bjorkholm,  and  Freeman  ( 22C),  and  Tanno,  Adachi, 

Yokoto,  and  Inaba  (266C).  Excited-state  absorption  spectra  of  barium 
were  obtained  using  a tunable  laser  by  Rubbmark,  Borgstroem,  and  Bockasten 
(231C). 
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stein  and  Walters  (lOOt',  lOlC)  discussed  comprehensively  the  imaginp  of 
laboratory  spectroscopic  sources  (,fl;imes,  plasmas,  etc.1  onto  monochroma- 
tors. Any  spectroscopist  concerned  with  accurate  spatial  resolution  within 
a source  or  optimal  utilization  of  his  spectrometric  system  should  consult 
these  articles.  Coleman  and  Walters  ( 54C)  devised  a simple  mounting  for 
use  with  a flexible  optical  bencli  system  suitable  for  atomic  spectrometry; 

La  Croix  and  Wong  (192C)  described  a simple  collimating  lens  system  for 
use  in  electrothermal  atomic  absorption  spectroscopy. 

Nagulin,  Smolyak,  Afanas'ev,  and  Cimushin  (1941')  devised  a clever 
parallelogram  mirror  arrangement  to  enable  the  spiral  scan  of  a flame 
and  measured  tlie  flame  radiation  witli  a specially-designed  tr ichromator . 
Kreye  (looC)  showed  that  a lutbry-Perot  interferometer  could  be  coujiled 
with  a conventional  monochromator  to  enhance  signal-to-noise  ratios  from 
both  line  and  continuum  sources.  The  use  of  fiber  optics  in  a spectrometer 
was  explored  by  Walrafen  (2890,  wliile  Merkt  and  Miiller  (130C)  described 
an  easy  technique  for  adjusting  jilane  grating  spectrometers.  Shipii, 

Biggins,  and  Wade  (.240C)  employed  an  electronically  tunable  acousto-optic 
filter  to  rapidly  scan  the  entire  visible  wavelength  region  with  a band- 
width of  2-b  X.  Such  a filter,  which  is  based  on  the  acoustic  ]iroduction 
of  a compression  grating  in  a transmitting  solid,  ajipears  to  offer  con- 
siderable promise  for  raiiid  scanning  sjiectroscopy  in  the  future. 

Resonance  monochromators  have  long  seemed  attractive  because  of 
their  simplicity  and  abilit)'  to  provide  cxtremel)  accurate,  narrow-band 
detection  of  atomic  spectral  lines.  However,  early  resonance  monochromators 
were  limited  in  their  convenience  and  in  the  range  of  elements  they  could 
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detect.  Walsh  (290C)  has  shown  that  a separated  flame  can  be  employed 
as  a resonance  detector  and  provides  not  only  high  detection  efficiency 
but  convenience  of  elemental  selection  as  well.  Van  l.oon  and  Radziuk 
(281C)  explored  this  system  further  using  a N2-sheathod  air/C2M2  flame 
as  a resonance  monochromator  for  the  determination  of  several  elements 
atomized  in  a graphite  furnace.  Unfortunately,  detection  limits  were 
ten-fold  worse  than  obtained  with  a conventional  monochromator;  noise 
in  the  detector  flame  was  blamed.  Dawson,  Grassam,  and  Ellis  (63C  ) de- 
signed a special  electrothermal  atomizer  to  provide  a continuous  supply 
of  atomic  vapor  for  use  as  a resonance  monochromator.  Again,  rather  large 
instabilities  were  observed  and  were  ascribed  to  flicker  in  the  vapor 
generator.  Butler,  Kroeger,  and  West  (36C  ) found  a glow  discharge  source 
more  stable;  however,  it  is  apparent  that  the  device  would  be  far  less 
convenient  or  flexible  than  a flame. 

Dorofeev,  Razyapov,  and  Chupakhin  ( 69C)  characterized  the  noise 
sources  in  a nondispersive  atomic  absorption  photometer  and  found  both 
additive  and  multiplicative  noise  sources  present.  Nondispersive  atomic 
absorption  and  atomic  fluorescence  spectrometers  were  designed  and  applied 
by  Chupakhin,  Razyapov,  Makarova,  and  Dorofeev  (49c  ).  Caupeil,  Hendrikse, 
and  Bongers  ( 40C) , Kuga  and  Tsujii  (168C),  and  Stakheev  and  Stakheeva  (253Cl. 

Zeeman  (me)  developed 

an  inexpensive  digitizer  for  photomultiplier  currents  which  might  find 
use  in  atomic  spectrometry.  Although  most  photomultipliers  employed  in 
atomic  spectrochemical  analysis  do  not  require  cooling,  end-on  photomulti- 
pliers or  those  having  enhanced  red  response  would  benefit  from  the  simple 
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cooled  housing  designed  by  Hoyt  and  Ingle  (134C).  Rayside,  McLendon, 
and  Fletcher  (222C)  have  increased  the  linear  range  accessible  by  a plioto- 
multiplier  tube  by  a factor  of  10^  through  use  of  a servo-controlled  shutter. 
The  shutter  senses  the  incoming  light  level  and  automatically  opens  or 
stops  down  to  control  the  light  incident  on  the  detector.  Such  a device 
might  find  greater  use  with  detectors  such  as  the  photodiode  arrays  dis- 
cussed below,  where  dynamic  range  is  a greater  problem  than  in  photomulti- 
pliers. A gain-control  circuit  for  photomultiplier  tubes  is  also  able 
to  control  dynamic  range  and  was  described  by  Seda  and  Sabol  (236C) • 

Adams,  Kirkbright,  and  Taylor  ( 1C  ) demonstrated  that  a photoionization 
detector  could  be  employed  to  advantage  in  nondispersive  atomic  spectrometry 
in  the  vacuum  ultraviolet  region.  Techniques  aimed  at  reducing  the 
labor  and  inconsistencies  involved  in  photographic  detection  were  published 
by  Blevins  and  O'Neill  ( 23C)  and  Sambueva,  Sverchinskaya,  and  Shipitsyn 
(234C) . 

A high  level  of  activity  continues  in  the  development  and  exploitation 
of  photodiode  arrays  and  television- type  readout  systems.  However,  it  now 
appears  that  such  detectors  are  of  limited  general  utility  in  atomic  spec- 
trometry and,  with  few  exceptions,  will  not  enjoy  widespread  use  as  multi- 
element detectors.  This  view  is  supported  by  several  publications  of 
Winefordner  and  his  group.  In  a general  evaluation  of  imaging  detectors 
(photodiode  arrays,  vidicons,  etc.),  Cooney,  Boutilier,  and  Winefordner 
( 58C)  concluded  that  silicon  vidicon  tubes  are  not  analytically  useful 
in  atomic  fluorescence  spectrometry,  whereas  image  dissector  tubes  and 
secondary  electron  conduction  (SEC)  tubes  show  promise,  especially  when 
coupled  with  Echclle  cross-dispersion  spectrometers.  (F.chelle  spectrometers 
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are  discussed  in  more  detail  in  a following  section  entitled  "Systems 

I 

i for  Multi-element  Analysis".)  Moreover,  the  number  of  spectral  lines 

I 

i which  must  be  measured  and  the  degree  of  flexibility  required  in  choosing 

them  governs  whether  the  SEC/Echelle,  image  dissector/Echel le,  a direct 

reading  spectrometer,  or  wavelength-scanning  technique  will  be  superior, 

i 

I 

Chester,  Haraguchi,  Knapp,  Messman,  and  Winefordner  ( 46C)  also  showed 
experimentally  and  theoretically  that  a silicon-intensifier  target  (SIT) 
vidicon  tube  is  of  limited  utility  in  atomic  emission  or  atomic  fluorescence 
spectrometry.  Detection  limits  obtained  with  such  a device  are  much  worse 
than  those  generated  with  photomultiplier  tubes,  especially  for  ultraviolet 
spectral  lines.  The  authors  flatly  state  that  the  SIT  tube,  the  image 
vidicon,  solid  state  photodiode  arrays,  and  probably  the  intensified  SIT 
tube  are  not  recommended  for  use  in  analytical  atomic  emission  or  fluores- 
cence spectrometry.  This  conclusion  is  supported  by  the  study  of  Yates 
and  Kuwana  (302C),  who  found  extremely  low  sensitivity  with  their  solid- 
state  linear  photodiode  array  detector. 

Despite  their  limitations  in  signal-to-noise  ratio,  sensitivity,  and 
linear  range,  vidicon  tubes  and  other  television-type  readout  devices  offer 
several  convenience  features  which  can  be  exploited.  Felkel  and  Pardue 
(81C  ) combined  a random-access  vidicon  tube  with  a specially  designed 
I Echelle  spectrometer  for  multi-element  atomic  absorption  determinations. 

The  two-dimensional  format  of  the  Echelle  display,  coupled  with  the  large 
j number  of  resolution  elements  (pixels)  of  the  vidicon  provides  a broad 

I wavelength  coverage  (2250-8000  X)  at  adequate  resolution  (ca.  1 A).  Random 

addressing  of  the  vidicon  face  should  enable  any  element  or  combination 
I of  elements  to  be  examined;  however,  the  hollow  cathode  lamp  employed 

L„,__ 
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with  the  described  system  limited  elemental  coverage.  As  the  authors 
point  out,  the  vidicon  readout  offers  more  promise  in  atomic  al)sorption 
than  in  other  areas  of  atomic  spectrometry.  A similar  randomly  addressed, 
computer-controlled  vidicon  device  was  constructed  by  Nieman  and  l!nke  (1950  . 
Howell,  Ganjei,  and  Morrison  (132C)  exploited  the  multichannel  capability 
of  an  SIT  tube  in  an  internal  standard  analysis;  Ganjei,  Howell,  Roth, 
and  Morrison  ( ggc)  processed  the  computerized  output  of  their  vidicon 
detector  to  obtain  least-squares  polynomial  curve-fitting,  spectral  stripping, 
background  correction,  and  internal  standard  correction.  Cook,  Pardue, 
and  Santini  ( 56C)  superimposed  a sinusoidal  modulation  onto  the  horizontal 
electron-beam  sweep  within  their  vidicon  system  and  employed  phase-sensitive 
detection  to  perform  derivative  spectrometry  in  a manner  similar  to  that 
used  in  repetitive  wavelength  scanning.  The  system  was  refined  and  charac- 
terized further  in  a later  publication  by  Cook,  Santini,  and  Pardue  (57C) 
and  in  the  thesis  by  Cook  (55C) . Significantly,  Howell  and  Morrison  (133C) 
compared  silicon  vidicon  detectors  with  photomultiplier  tubes  and  claimed 
that  the  former  detector  is  suitable  for  the  atomic  fluorescence  or  emission 
determination  of  elements  whose  resonance  lines  lie  above  380  nm. 

Most  of  the  work  performed  witli  linear  photodiode  array  detectors  has 
been  by  Horlick  and  many  of  the  more  important  features  of  such  devices 
are  illustrated  in  his  excellent  review  (131C).  An  innovative  and  highly 
useful  application  of  linear  arrays  is  the  spatial  profiling  of  spectral 
sources,  as  described  by  Franklin,  Baber,  and  Koirtyohann  ( 90C) . In 
this  method,  the  linear  array  is  positioned  vertically  in  place  of  tiie 
exit  slit  in  a conventional  stigmatic  monochromator.  F.ach  of  the  diodes 
in  the  array  then  indicates  the  intensity  of  a small  segment  of  any 


spectral  source  imaged  onto  the  entrance  slit.  Readout  is  rapid  and  sig- 
nal averaging  is  convenient,  enabling  high  spatial  resolution  to  be  ob- 
tained at  any  chosen  wavelength.  Edmonds  and  Horlick  ( 74C)  demonstrated 
the  utility  of  the  technique  in  characterizing  an  inductively  coupled 
plasma. 

A convenient  feature  of  intensified  SIT  tubes  is  their  ability  to  bo 
rapidly  gated,  thereby  enabling  transient  phenomena  to  be  observed  or 
time-resolved  spectra  to  be  obtained.  This  feature  was  exploited  by 
Weber  (293C)  and  by  Schmidt,  Gordon,  and  Mulac  (235C)  and  instrumentation  for 
the  method  was  described  by  Simpson  and  Talmi  (241C)  Ostertag 

(203C) . An  interesting  application  of  vidicon  tubes  was  described  by  de 
llaseth.  Woodward,  and  Isenhour  (122C).  Their  computer-interfaced  TV 
camera  digitized  infrared  spectra  which  were  imaged  on  its  face.  Clearly, 
such  a device  would  be  extremely  useful  in  many  areas  of  spectroscopy 
and  would  overcome  many  of  the  disadvantages  of  vidicon  tubes  which  were 
cited  earlier. 

MicroChannel  plates  had  been  heralded  as  one  possible  solution  to 
the  low  sensitivity  which  plagues  solid-state  photodiode  arrays  and  TV 
detectors.  Basically,  microchannel  plates  are  merely  closely-packed  arrays 
of  electron  multiplier  tubes  and  should  be  suitable  for  electron  multipli- 
cation prior  to  detection  by  a solid-state  photodiode  array.  Unfortunately, 
it  is  difficult  to  fabricate  such  a system  with  gains  greater  than  10*^ 
because  of  destructive  ion  feedback.  This  problem  might  be  overcome  if 
channels  can  be  curved,  such  as  described  by  Timothy  and  Bybee  (27 1C)  nnd 
characterized  by  Boutot,  Delmotte,  Millie,  and  Sipp  ( 29C)  • Other  improve- 
ments in  microcliannel  plate  systems  were  reported  by  Timothy  (270C). 
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Timothy  and  Bybee  (271C) , and  Niza,  Henkel,  and  Roy  (2%C).  A far  ultra- 
violet spectrograph  incorporating  a microchannel  plate  detector  was  construc- 
ted by  Lawrence  and  Stone  (1750  . 

Jevelopment  of  new  methods 
for  multi-element  atomic  spectrometry  continues  to  attract  more  and  more 
workers.  The  many  alternative  approaches  can  be  broken  into  several 
categories  according  to  the  techniciue  they  emjiloy  (emission,  absorption, 
or  fluorescence)  and  the  manner  by  wltich  spectral  selection  is  accomplished. 
Winefordner,  Avni,  Chester,  Titzgerald,  Hart,  Johnson,  and  Plankey  (295t’^ 
categorized  readout  methods  as  multiplex  (Fourier  transform  and  lladamard 
transform  spectroscopy),  sequential  linear  scan  (SLS)  , sequential  slew 
scan  (SSS)  , or  multichannel  (direct-reader)  approaches.  Signal-to-noi se 
calculations  showed  that  the  multichannel  approach  is  generally  best 
and  the  SSS  system  falls  closely  behind,  especially  when  llV-visible  spectra 
are  simple.  Multiplex  techniques  will  ordinarily  not  be  useful  in  the 
UV-visible  region  when  sjiectra  are  complex  or  where  background  shot  and/or 
fluctuation  noise  are  dominant.  Tlii  s latter  point  is  anqilified  by  Chester, 
Fitzgerald,  and  Winefordner  (45C  );  for  weak  spectral  lines  in  atomic 
absorption,  emission,  or  fluorescence,  a multiplex  disadvantage  will 
commonly  exist  and  rule  out  lladamard  transform  or  Fourier  transform  siiec- 
troscopy  in  most  practical  applications.  F.ven  the  throughput  (Jacquinot) 
advantage,  frequently  cited  as  a reason  for  adopting  a multi])lex  technique, 
is  questioned  by  Chester  and  Winefordner  ( 44C) • Ordinarily,  conqiarisons 
between  dispersive  and  multiplex  spectrometers  assume  equal  resolving  jiowcr, 
whereas  such  resolving  power  is  not  often  required,  particularly  if  modulated 
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line  sources  are  employed  which  can  be  readily  distinjjuished  from  adjacent  * 

spectral  background.  For  example,  a modulated  spectral  line  from  a hollow 

] 

cathode  lamp  can  be  readily  distinguished  from  adjacent  background  through 

frequency-selective  detection,  permitting  the  use  of  a far  wider  entrance  1 

i 

slit  and  greater  throughput  in  a dispersive  spectrometer.  Ilirschfeld  (126C)  * 

also  considered  the  multiplex  (Fellgctt)  advantage  in  IJV-visible  multiiilcx 
spectroscopy  and  concluded  that  either  an  advantage  or  disadvantage  might 
arise  depending  on  the  complexity  of  the  spectrum  being  observed  and 
whether  emission  or  absorption  is  employed.  Ilirschfeld  (127C)  also  dis- 
cussed the  implications  of  fluctuation  noise  in  multiplex  spectroscopy. 

Theoretical  arguments  notwithstanding,  Keir,  Dawson,  and  Fills  (152C) 
applied  Hadamard  transform  spectrometry  to  the  multi-element  determination 
of  Mg  and  I’b.  Not  unexpectedly,  detection  limits  were  poorer  than  obtained 
with  a conventional  AA  system.  The  authors  present  an  excellent  introduc- 
tory explanation  of  the  Hadamard  transform  procedure.  Yuen  and  Horlick  , 

(303C)  modified  their  interferometer  employed  earlier  in  Fourier  transform 
atomic  spectrometry  to  permit  phase  correction  of  the  transformed  spectra 
and,  once  more,  show  the  utility  of  aliasing.  Pruiksma,  Ziemer,  and 
Yeung  (218C)  employed  a Fabry-Perot  interferometer  and  an  oxy-hydrogen 
flame  for  multi-element  detection,  but  obtained  rather  unimpressive  signal- 
to-noise  ratios. 

Continuum-source  atomic  absorption  spectrometry  offers  one  alternative 
method  for  multi-element  analysis.  One  of  the  most  attractive  new  approaches 
to  continuum-source  AA  employs  an  Fichelle  spectrometer  and  any  one  of  a 
variety  of  readout  systems.  Keliher  and  Wohlers  (154C1  provided  an  over- 
view of  these  systems  and  (153c)  extendeil  their  earlier  stuilies  on  them 
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to  ultraviolet  wavelengths.  For  the  ultraviolet  work,  it  was  necessary 
to  employ  an  Echelle  spectrometer  witl>  far  greater  throughinit  ami  a niori' 
efficient  spectral  continuum  source.  Zander,  O'llaver,  ami  Kelihei-  (.to.ic, 
505C)  combined  wavelength  modulation  with  a high-resolution  1 chel le  spec- 
trometer to  obtain  increased  working  curve  linearity,  convenient  correc- 
tion for  non-specific  background  absorption,  and  almost  comiilete  freedom 
from  spectral  interference  from  non-analyte  lines.  Although  detection 
limits  and  sensitivities  are  somewhat  worse  than  obtainable  with  conven- 
tional line-source  atomic  absorption,  the  multi-element  capability  of  the 
device  far  outweighs  these  limitations.  O’llaver,  llarnly,  and  Zander 
(197C)  reduced  stray  light  in  their  wavelength-modulated  Echelle  spec- 
trometer to  obtain  even  better  "characteristic  concentrations"  (.previously 
termed  "sensitivities"),  llarnly  and  O'llaver  (ll9c)  utilized  a similar 
device  for  background  correction  in  graphite  furnace  atomic  absorption. 

An  entirely  new  approach  to  continuiun-source  atomic  absorption  was  charac- 
terized by  Cochran  and  Ilieftje  ( 51C) . In  tlie  new  approach,  continuum 
radiation  is  passed  through  a flame  in  which  the  atom  concentration  is 
periodically  raised  and  lowered.  Radiation  transmitted  b)'  the  flame  then 
is  modulated,  but  only  at  wavelengths  corresponding  to  atomic  absorption 
lines.  Frequency-selective  amplification  at  the  modulation  frequency 
then  makes  the  combination  of  continuum  source  and  modulated  flame  ap]iear 
similar  to  a modulated  hollow  cathode  lamp  containing  the  combinatioTi 
of  elements  which  are  modulated  in  the  flame.  Incorporation  of  the  "com- 
bination source"  into  a conventional  atomic  absorption  spectrometer  then 
enables  multi-element  detection,  using  any  desired  atomization  device. 
Characteristic  concentrations  (sensitivities)  and  working  curve  linearity 
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approach  those  obtainable  witli  a liollow  cathode  lamp  and  were  far  l>etter 
than  those  available  from  conventional  cont i miiim-sooive  atomic  absorption. 

More  detail  can  be  found  in  the  tliesis  by  Cocliran  (soc  I,  Utlier  asiu'cts 
of  continuum-source  atomic  absorption  were  explored  by  Slavnyi,  Astaf'ev, 
Mogilevskii,  Subochev,  and  Fabelinskii  C246c)  > Furuta,  llaraguchi, 
and  Fuwa  ( 96C). 

Danielsson  and  Lindblom  ( 61C)  coupled  a randomly-addressed,  micro- 
computer-controlled image  dissector  tube  with  a coma-corrected,  low  astig- 
matism F.chelle  spectrometer  to  yield  a system  which  should  be  cpiite  useful 
for  absorption,  emission,  or  fluorescence  spectrometry.  Of  course,  the 
image  dissector  tube  is  essentially  a scanned  device  and  has  no  storage 
capability,  making  it  fundamentally  somewhat  inferior  to  a multi-channel 
system.  Johansson  and  Nilsson  (142C)  devised  a special  grating  with  five  inde- 
pendent vertical  sections,  each  witii  a groove  spacing  appropriate  for 
diffracting  a different  spectral  line  onto  tlie  same  exit  slit.  Conse- 
quently, five  separate  lines  would  appear  at  tlie  exit  slit,  but  verti- 
cally displaced  from  each  otlier.  A fiber  optic  bundle  separated  the 
vertical  sections  and  directed  the  radiation  to  a single  photomultiplier 
tube  which  viewed  each  of  the  segments  sequentially  by  means  of  a chopper 
wheel.  Chester  and  Winefordner  ( 42C)  modulated  two  spectral  lamps  at 
different  frequencies  and  detected  the  induced  fluorescence  from  two 
elements  with  a solar-blind  photomultiplier  tube.  Although  a CI2  filter 
was  employed  to  reduce  flame  background,  a multiplex  disadvantage  was 
observed,  limiting  the  attractiveness  of  the  technique  for  practical 
analyses.  Other  instrumental  components  useful  for  multi -element  atomic 
spectrometry  were  described  by  Boumans,  van  Cool,  and  Jansen  ( 27C), 
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l.undhcrj;  and  Joliatisson  (177C),  iind  Alder,  Al^jer,  Saimiel,  aiul  Kt>st  ( JC  ). 

Hocauso  it  is  necessary  to  select  compromise  conditions  for  the 
atomization  of  different  elements  in  an  analytical  flame,  Hrost , Mallo>. 
and  lUii.clt  (,32t'  ) devised  a res]ionse  parameter  which  permits  mathemat  ica  1 1\ 
simple  selection  of  such  conditions,  Boumans  ( JhC)  compared  a number 
of  sources  for  mu  1 1 i -e  lement  analysis,  includini;  hi  j;h-tem|H'rature  flames, 
dc , microwave,  and  radio- frequency  plasmas.  Browner  ( compared 

different  primary  sources  for  use  in  multi-element  atomic  fluorescence 
spectrometry;  the  thesis  by  Chuan);  (..IBl!  1 examines  in  detail  the  utility 
of  the  eimac  source  in  such  an  ap|il  icat  ion.  I'iorino,  Jones,  aiul  Capar 
(8-U'  ) described  a simple  seipiential  technique  for  mult i -element  atomic 
absorption. 

on  recent  applications  of  dii;ital  com]niters  in  analytical  chemistry  by 
Perrin  (J05C)  contained  a short  section  on  automation  in  atomic  sju'ct  romet  r\' . 
However,  t!ie  theses  by  Woodruff  (297111,  Hunter  (1.3ot;i,  and  Uouth  (229t'l 
dealt  in  iletail  with  tlie  automation  and  optimization  of  flame  spectrometers 
atnl  with  the  cotist  ruct  i on  t)f  devices  useful  in  such  endeavors,  Spillman 
aiul  Malmstadt  (JS2tl)  described  a new  computer-control  leil  programmable 
monochromator  system  useful  for  atomic  sjiect romet ry  which  incorporates 
a quartz  refractor  plate  for  on-line  wavelenjtth  centering  and  correction 
for  m i sa  1 i I’liment . The  inexpensive  dii;itizer  for  pliotomul  t ipl  ier  currents 
desi>;ned  by  Hamm  and  Zeeman  ( 1 1 Ull  and  the  new  kind  of  ana loj;-t o-d i gi  t a 1 
converter  of  I razer,  Hieftje,  l.ayman,  and  Sinnamon  ( 9U11  should  also 
find  .ipj!  1 i ca  t i on  in  automated  flame  sjiec  t romet  ry . dpt  i mi  r.at  i on  of  flame 
spect romet r i c procedures  will  be  rendered  more  efficient  b\  the  new  simplex 
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routine  of  Routh,  Swartz,  aiul  Oonton  (J28C). 
fewer  simplices,  data  points,  and  loss  time.  Moreover,  the  i-oiitine  is 
relatively  noise-inunune  and  adheres  less  frequently  to  false  ridjjes  than 
would  a conventional  simplex. 

One  of  the  most  time-consuming  aspects  of  atomic  spectrometric  analv’ses 
is  sample  preparation  and  surprisingly  little  attention  has  been  paid 
to  the  automation  of  this  phase  of  laboratory  work.  The  automated  solution 
handling  system  described  by  Renoe,  O'Keefe,  and  Malmstadt  (227Cl  should 
help  substantially  in  automation  of  this  phase.  The  new  system  emiiloys 
an  electronic  balance  which  feeds  back  via  a computer  netv;ork  to  a reagent 
dispensing  system.  Hxtremcly  accurate  volumes  (or  weiglits)  of  desired 
reagents  can  then  be  added  in  a desired  sequence  to  fully  automate  sample 
preparation.  A simple  automated  sample  preparation  device  based  on  a com- 
mercial wet-ashing  apparatus  was  constructed  by  Frank  (89C) . Similarly, 
Falinower  ( 79C)  employed  a pneumatic  logic  network  to  automate  the  atomic 
absorption  analysis  of  cements,  sands,  and  limestones. 

Several  workers  have  automated  hydride  generation  procedures  for  the 
flameless  determination  of  Sc,  As,  and  Pb,  Included  in  this  grouj^  are 
Fishman  and  Spencer  (8.SC  ),  Pierce,  Lamoreaux,  Brown,  and  Fraser  (211C), 
Pierce  and  Brown  (210C),  and  Vijan  and  Wood  (283C,  284C) . Poldoski  (212fl 
adapted  a turnkey  chromatographic  data  system  to  the  automation  of  furnace 
atomic  absorption. 

controversy  cont i nues 

whether  peak  height  or  peak  area  serves  as  a better  measure  of  atom  con- 
centration in  electrothermal  atomization  atomic  absorption  spectrometry. 
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Issaq  and  Young  (141C)  claim  that  peak  hoiglit  measmements  provivle  g.ieater 
working  curve  slope  than  does  peak  area,  hut  their  displayed  working 
curves  are  calibrated  in  non-absorbance  units,  making  the  claim  difficult 


to  verify.  In  contrast,  Cantle  (37C  ) has  shown  that  integration  of 
transient  signals  can  improve  accuracy.  To  us,  precision  and  accuracy 
(i.e.,  signal-to-noise  ratio)  is  more  important  in  an  analytical  measure- 
ment than  is  working  curve  slope.  Moreover,  integration  of  transient 


peaks  observed  in  electrothermal  or  flame-based  atomic  absorption  aids 
in  overcoming  changes  in  volatilization  rate  caused  by  sample  matrix. 
Consequently,  it  would  seem  that  peak  integration  would  in  most  cases 
be  preferable  to  peak  height  measurement.  It  is  worth  noting  that  many 
so-called  peak  height  measurements  are  actually  representative  of  peak 
areas  because  of  the  relatively  slow  response  of  the  recording  system  which 
is  used,  compared  to  the  true  length  of  the  transient  atom  pulse.  Piep- 
meier  (208C)  has  shown  that  tailing  peaks  or  tliose  having  extensive  "wings" 
can  be  integrated  with  greatest  precision  if  the  wings  or  tail  of  the 
peak  are  not  included  in  the  integral.  Inclusion  of  these  features  merely 
adds  noise  to  the  integrated  signal  and  does  not  materially  increase  the 
signal  value  itself,  llertram,  Taphorn,  Robbins,  Younginger,  and  Caruso 
( 19C)  designed  an  electronic  integrator  intended  for  use  in  non-flame 
atomic  absorption  spectrometry. 

Piepmeier  and  de  Calan  (209C)  derived  a theoretical  expression  which 
accounts  for  changes  in  source  and  absorption  line  spectral  profiles 
which  occur  when  either  source  or  atom  coll  is  pulsed.  Different  kinds 
of  signal  processing  systems  were  assumed,  including  lock-in  amplification, 
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boxcar  integration,  and  simple  low-pass  filtering.  Significantly,  apparent 
deviations  from  Beer's  law  can  occur  even  for  a Mionocbromat ic  source  if 
the  sample  absorption  line  profile  is  time-dependent.  Mitchell,  Mills, 
and  Carden  (191C)  proposed  a new  multiple-curve  procedure  for  improving 
precision  which  would  be  applicable  to  all  flame  spcctrometric  methods. 
Individuals  who  employ  photon  counting  in  their  atomic  measurements  would 
benefit  from  the  iniblication  of  Hayes  and  Schooller  (123C).  which  i|uant  i - 
tatively  examines  the  influence  on  precision  of  deadtime  uncertainty  and 
count  rate.  Similarly,  the  versatile  I'our ier-doma i n digital  filter  devised 
by  Betty  and  Morlick  (20C  ) would  be  useful  to  those  who  digitize  their 
data  or  employ  computer-controlled  instrumentation,  llaraguchi,  I'uruta, 
Yoshimura,  and  I'uwa  (IISC)  employed  an  analog  magnetic  tape  recording  system 
followed  by  signal  processing  devices  to  implement  baseline  correction, 
background  correction,  etc.,  and  thereby  improve  their  results. 

most  innovative  and  potentially  useful  method  for  background  correction 
to  be  developed  recentl>  is  that  involving  the  Zeeman  effect.  In  Zeeman 
modulation,  a magnetic  field  is  applied  to  either  source  or  generated 
atoms  to  s[)lir  the  Zeeimin  ci  nponents  of  each  spectral  line.  Because 
these  components  aie  polarized,  it  becomes  possible  to  isolate  them  using 
stationary  or  rotating  optical  polarizers.  This  "Zeeman  modulation"  can 
then  be  employed  for  high-precision  background  correction.  Further  details 
on  this  method  can  be  found  in  the  original  articles  by  Koizumi  and  Yasuda 
(159C,  lOOC)  and  in  the  excellent  overview  by  Brown  ( . Koizumi  and 

Yasuda  (IblC)  also  explored  the  application  of  their  new  technique  to  the 
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determination  of  Pb,  Cd,  and  Zn  and  found  it  possible  to  correct  for 
background  absorption  up  to  an  absorbance  of  l.S.  Dawson,  I'lrassain,  l.llis. 
and  kier  ( o’C)  expiored  background  correction  in  elect ri>tlu'rma  1 atomic 
absorption  using  tlie  Zeeman  effect  in  the  atomized  sample  while  Veinot 
and  Stephens  (282C)  showed  how  the  Zeeman  effect  could  be  employed  to 
extend  calibration  curves  somewliat.  Stephens  (256C)  also  applied  the 
Zeeman  effect  to  a capacit ively-coupled  radio- frequency  plasma. 

Repetitive  optical  scanning  (wavelength  modulation)  is  finding  more 
and  more  application  as  a technique  for  background  correction  in  flame 
omission,  atomic  absorption,  and  atomic  fluorescence  spectrometry.  I'hc 
thesis  h>'  l-pstein  (76C  ) discusses  the  application  of  wavelength  modu- 
lation devices  to  emission  spectrometry  in  detail,  while  that  of  Sydor 
(261C)  compares  wavelength  modulation  to  several  otiier  methods  for  back- 
ground correction.  Koirtyoliann,  Glass,  Yates,  Hinderberger , and  Li  elite 
(158C)  considered  the  effect  of  different  modulation  waveforms  on  the 
degree  and  fidelity  of  background  correction  which  could  be  obtained 
by  wavelength  scanning  using  oscillating  refractor  plates.  OMlaver, 

Lpstein,  and  Zander  (196C)  also  considered  the  effect  of  waveform  and 
amplitude  of  modulation,  the  shape  of  the  modulated  spectral  line,  and  the 
type  of  signal  processing  employed  on  repetitive  scanning  spectrometrx’. 

It  was  found  tliat  line  shape  is  relatively  unimportant,  but  square-wave  '! 

modulation  produces  a s igna 1-to-noi se  ratio  which  is  twice  as  great  as  | 

that  obtained  witli  sine- wave  modulation,  if  the  spcctromctric  measurement 
is  limited  by  background-carried  shot  noise.  Fitzgerald,  Chester,  and 

j 

Winefordner  ( 86C)  and  Chester  and  Winefordner  ( 43C)  described  a new  kind 
of  wavelength  modulation  spectrometor  which  incorporates  a diffraction 
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grating  in  one  arm  of  a repetitively  scanned  Michelson  interferometer, 
rlie  signa  1 -to-noi  se  cliaracter  i st  ics  of  the  device  were  evalii.ited  and  its 
application  to  atomic  spectrometry  explored.  Altliongh  s i gna  I - 1 i se 
depends  strongly  on  the  nature  of  the  observed  spectr.il  li.ickgi'oiiiul,  S/\ 
is  ordinarily  lower  than  can  be  obtained  with  .a  conventional  dis|iersive 


spectrometer,  limiting  the  attractiveness  of  the  new  device  for  most 
practical  measurements,  Visser,  Hamm,  and  Zeeman  (285C1  converted  a con- 
ventional spectrometer  to  a wavelength-modulated  device  merely  by  opcnitig 
u])  the  entrance  and  exit  slits,  lengthening  the  spectrometer's  focal  dis- 
tance, and  adding  two  now  slits,  one  of  which  is  repetitively  scanned. 

Sydor  and  llieftje  (2620  employed  an  oscillating  interference  filter  to 
scan  repetitively  a fixed  wavelength  region  and  demonstrated  the  device's 
practical  utility  in  background-corrected  flame  emission  spectrometry. 

A rotating  interference  filter  was  also  employed  in  the  modulation  photo- 
meter of  Lyakhov  and  Managdze  (179C).  The  dynamic  background  correcting 
system  described  by  Skogerboe,  La  Mothe,  Bastiaans,  Freeland,  and  Coleman 
(243C)  employed  a refractor  plate  similar  to  those  used  in  wavelength 
modulation,  but  repetitively  shifted  the  jilate  into  and  out  of  the  radiation 
path  behind  the  entrance  slit  of  their  spectrometer.  As  a result,  the 
slit  image  was  moved  back  and  forth  in  a square-wave  pattern,  enabling 
successive  measurements  of  the  desired  spectral  line  and  the  background 
adjacent  to  tliat  line.  Because  the  detector  can  tlien  view  the  desired 
radiation  for  a longer  period  of  time,  higher  signal-to-noise  ratios  are 
possible.  A new  kind  of  quartz  plate  wavelength  modulator,  designed  by 
Katskov,  Kruglikova,  L'vov,  Orlov,  and  Polzik  (151C1  consists  of  a quartz 
disc,  mounted  at  an  angle  on  a motor  shaft,  so  it  rotates  smoothly  but 
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at  an  anule  to  the  plane  of  rotation.  As  a consec|iieiK-y , tlie  slit  ima,i;e 
nutates  sinusoidally  about  the  exit  slit  to  produce  wavelcnjith  moilulat  ii'n. 
The  stepped  refractor  plate  of  Visser,  Hamm,  and  Zeeman  I28(>t;)  enables 
background  on  both  sides  of  a spectral  line  to  be  observed  at  once. 
Epstein,  Rains,  and  O'llaver  ( 78C)  applied  wavelength  modulation  to  carbon 
furnace  atomic  emission  spectrometry  and  found  that  detection  limits  could 
be  improved  up  to  several  orders  of  magnitude.  Slavnyi,  Subochev , and 
Mogilevskii  (245C)  compared  wavelength  modulation  with  dual-channel  back- 
ground correction  and  found  the  latter  techni((ue  to  be  lietter.  Poolan 
and  Smythe  ( 68C)  and  Wehrly,  Williams,  Jameson,  and  Kolb  (294C)  also 
studied  dual-channel  background  correction  techniques.  Sydor,  Sinnamon, 
and  Ilieftje  (2C)3C)  corrected  for  background  emission  on  both  sides  of  a 
spectral  line  with  the  aid  of  a special  secondary  slit.  A portion  of  the 
measured  radiation  was  diverted  from  the  primary  monochromator  entrance 
slit  to  a second,  wider  slit  which  was  bisected  by  a fine  wire  blocking 
the  desired  elemental  emission  line.  The  secondary  slit  then  transmitted 
only  background  radiation  and  enabled  more  accurate  background  correction 
of  tlie  primary  signal. 

Ellbhn  and  Jackwerth  ( 129C)  showed  that  the  commonly  used  deuterium 

lamp  scheme  for  background  correction  might  yield  either  erroneously  high 
or  low  results  if  the  background  being  detected  is  highly  structured. 

For  example,  background  consisting  of  rotational  or  vibrational  absorption 
lines  of  molecular  species  can  generate  positive  or  negative  errors  depen- 
ding upon  the  relative  positions  of  a particular  band  and  the  spectral 
line  ijf  interest.  Ilendrikx-Jongerius  and  dc  (lalan  (12.SC)  evaluated  other 
errors  in  the  deuterium  background  correction  method,  including  optical 
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path  differences  between  hollow  cathode  lamp  radiation  and  that  from  the 
deuterium  source  and  those  arising  from  excessively  liigh  hroadhatul  attenu- 
ation. In  electrothermal  atomization  methods,  where  hackgrouiul  coT'i  ect  i on 
is  especially  important,  these  potential  errors  can  he  minimi. '.ed  through 
judicious  use  of  temperature  programming  to  separate  volatilization  of 
sample  matrix  and  the  analyte  of  interest.  Hpstein  and  Rains  (77c  ) 
extended  background  correction  farther  into  the  visible  range  through  use 
of  a xenon-mercury  arc  lamp  in  place  of  the  conventional  deuterium  or 
hydrogen  source. 

Accurate  instrumental  subtraction  of  flame  background  can  be  accomp- 
lished by  directly  monitoring  the  background  in  a "reference"  flame  and 
subtracting  it  from  the  signal  produced  by  an  analytical  flame.  This 
dual-flame  approach  was  employed  by  llaraguchi,  Toda,  llirabayashi , and 
Fuwa  (117C)  in  an  absorption  mode  and  by  IJrbain  and  Desqueness  (28(K:)  in 
emission.  An  extremely  clever  new  method  for  background  correction  was  de- 
vised by  Araki,  IJchida,  and  Minami  ( 5C  ) . Time-resolved  studies  of  the 
radiation  emitted  by  a pulsed  hollow  cathode  lamp  indicates  that  fill- 
gas  lines  increase  in  intensity  more  rapidly  than  do  atomic  lines,  although 
atomic  lines  dominate  later  during  the  pulse.  If  a fill-gas  line  lies 
outside  the  absorption  band  of  the  desired  elemental  line  but  within  the 
bandpass  of  the  spectrometer  being  emiiloyed,  time-gated  detection  can 
resolve  the  two  sources  of  radiation  and  thereby  enable  background  cor- 
rection. Arsenault  and  Marmet  ( 6C)  compared  a number  of  mathematical 
techniques  for  removal  of  background  from  digitized  spectra,  including 
high-pass  filtering  and  differentiation.  Both  methods  were  capable  of 
accurate  background  subtraction,  but  produced  distortion  and  loss  of 
s igna 1- to-noi se  in  the  resulting  narrow  lines. 
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Surskii  and  Avdeenko 

(260C  )described  a simple  arrangement  for  the  automated  calibration  of  a 
graphite- furnace  atomic  absorption  spectrophotometer.  In  the  methoil,  a 
second  graphite  furnace  is  used  to  repetitively  vary  tlie  atom  concentra- 
tion in  the  absorbing  light  beam  by  a known  amoiuit.  TIk'  amount  el'  absorp- 
tion produced  by  this  second  vapor  cell  can  then  be  related  to  the  slope 
of  a calibration  curve,  from  which  the  concentration  of  the  sample  present 
in  the  first  grapliite  furnace  can  be  determined.  Panicliev,  Prudnikov, 

Tatti,  and  Turkin  C204C)  employed  a flame  photometer  coupled  witli  a pulse 
height  analyzer  to  determine  quantitatively  the  composition  of  aerosol 
particles  blown  into  the  flame.  Tomson,  Barone,  and  Nancollas  (.274C) 
analyzed  both  Ca  and  phosphate  with  the  same  Ca  hollow  cathode  lamp. 

While  Ca  could  be  determined  through  its  resonance  line  at  422.7  nm,  the 
same  hollow  cathode  line  could  be  employed  for  the  determination  of  phos- 
phate through  absorption  of  the  phosphovanadomolybdate  yellow  complex  at 
420  nm.  It  has  occasionally  been  suggested  that  atomic  resonance  lines 
could  be  observed  in  solution,  following  reduction  of  metallic  ions. 

This  effect  was  studied  by  llmezawa,  Fujiwara,  Fujiwara,  and  Fuwa  (279C)  , 
who  concluded  tliat  the  "atomic  absorption"  was  probably  due  to  hydrated 
atoms  rather  than  the  free  species.  Fragale  and  Bruno  ( 88C)  described 
a simple  flame  emission  device  for  teaching  laboratories  which  incorporates 
a Pt  wire  atomizer  and  a glass  filter. 

Background  interferences  caused  by  molecular  fluorescence  were  observed 
by  Fowler  and  Winefordner  ( 87C) . In  an  argon-separated  air-acetylene 
flame,  molecular  fluorescence  due  to  PO,  Nil,  CN,  and  Oil  was  observed. 
.Significantly,  PO  was  one  of  the  major  contributors  to  molecular  fluorescence 
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and  could  be  eliminated  simply  by  employing  a liiglier  grade  of  acetylene. 

PO  bands  arise  primarily  from  the  oxidation  of  phosphine,  which  is  a common 
contaminant  in  the  acetylene  obtained  from  many  manufacturers.  The  presence 
of  phosphine  in  acetylene  can  be  discerned  readily  by  the  milky  appearance 
of  an  ai r- acetylene  flame.  Scatter  and  molecular  fluorescence  interfer- 
ences in  atomic  fluorescence  spectrometry  can  be  overcome  through  a cor- 
rection tecluiique  devised  by  llaarsma,  Vlogtman,  and  Agterdenbos  (noc)* 

In  tlie  method,  the  temperature  of  an  electrodeless  discharge  lamp  source 
is  varied  and  the  combined  scatter/ fluorescence  signal  observed.  Because 
the  atomic  spectral  profile  of  the  lamp  changes  markedly  with  temperature, 
a greater  fraction  of  the  induced  scattering/fluorescence  is  due  to  back- 
ground at  higher  lamp  temperatures.  Observation  of  the  relationship  be- 
tween measured  signal  and  lamp  temperature  then  enables  correction  for 


broad- band  features. 


Electrothermal  and  Cold  Vapor  Atom  Formation  Devices 
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The  use  of  electrothermal  atomization  advices  has  dramatically  increased 
since  the  last  review.  This  section  of  the  review  includes  articles  dealing 
primarily  with  "non  flame"  techniques  including  carbon  filaments  and  furnaces, 
metal  filament  atomizers,  cold  vapor  devices,  and  hydride  evolution  techniques. 
Admittedly  hydride  evolution  procedures  often  utilize  diffusion  flames  but 
their  chemical  similarity  to  Hg  evolution  techniques  seem  to  warrant  inclusion 
in  this  section.  Techniques  such  as  MECA,  candoluminescence  and  chemiluminescence 
are  reviewed  in  section  F. 

Reviews  and  general  discussions.  Sturgeon  (74D)  has  reviewed  carbon  furnace 
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atomization  devices  and  presents  a detailed  discussion  of  problems  associated 
with  commercially  available  devices  (spatial  and  temporal  non-isothermality, 
peak  height  vs  area  measurements  atom  diffusion  into  non-pyrolytic  graphite,  etc.). 

Further  problems  associated  with  transient  atomic  vapor  clouds  and  cw  or  pulsed 
sources  and  detection  systems  are  discussed  by  Piepmeier  and  de  Galan  (60D). 

Several  instances  where  Beer's  Law  is  not  obeyed  are  given.  Nemets,  et.  al. 

(51D)  discuss  the  physical  dimensions  of  the  atomic  vapor  cloud  above  an  open 
carbon  cup  atomizer.  Sturgeon  and  Chakrabarti  (77D)  discuss  the  excitation 
temperature  of  the  atomic  vapor  in  a carbon  tube  furnace  and  describe  a 2 line 
method  for  measuring  temperatures.  The  same  authors  (78D)  found  that  increasing 
the  pressure  of  the  atomizer  (to  13  atm)  may  confine  the  atomic  vapor  to  the 
furnace  for  a longer  time  but  reduces  both  peak  heights  and  areas  (Lorentz 
shift  of  the  absorption  line).  An  increased  linear  working  range  was  achieved 
at  the  higher  pressures.  A two  line  method  for  temperature  measurements  to 
3200°C  is  described  by  Tsujino  et.  al.  (86D).  The  melting  point  of  Au  was  used 
for  standardization.  Temperature  characteristics  such  as  time/temperature 
relationships  as  a function  of  dry,  ash  and  atomize  voltages  and  applied  wave- 
forms (step,  ramp,  etc.)  were  presented  by  Hoshino  and  Utsunomiya  (32D). 

The  precision  and  accuracy  of  graphite  atomizer  analyses  are  discussed 
by  Welz  (95D)  and  Garnys  and  Smythe  (22D).  Woodriff,  Amend,  and  Bath  (96D) 
discuss  background  correction,  multielement  analyses,  and  matrix  effects  in 
the  constant  temperature  Woodriff  furnace.  Finally,  in  a review  of  the 
interferences,  contamination  problems,  sample  handling  problems  etc..  Fuller  (18D) 
asks  "A  routine  or  specialist  analytical  technique?"  Good  question. 
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continuing  problems  of  matrix  interferences  in 
electrothermal  atomizers  has  led  to  several  investigations  of  the  rates  and 
mechanisms  of  atom  formation  in  carbon  furnaces.  Torsi  and  Tessari  (85D)  found 
the  release  of  Pb  atoms  in  a environment  to  follow  a previously  developed 
theory  which  assumes  a monolayer  or  less  coverage  at  the  carbon  surface  and  a 
first  order  kinetic  atom  release  process.  Fuller  (21D,  19D)  has  used  a model 
which  assumes  a first  order  reduction  of  the  metal  oxide  at  the  carbon  surface 
to  examine  the  rate  of  atom  formation  and  loss  and  atomization  efficiency  and 
discusses  how  atomization  parameters  might  be  adjusted  to  alleviate  matrix 
problems.  Atom  loss  from  a constant  temperature  furnace  (97D)  was  found  to 
occur  via  two  different  mechanisms  simple  diffusion  (Ag,  Cd,  Zn)  or  diffusion 
complicated  by  carbide  formation  at  high  temperatures  (Mn,  K,  Cu).  Freeh  and 
Cedergren  have  applied  high  temperature  equilibrium  calculations  to  explain 
the  mechanism  of  a chlo  ide  interference  on  lead.  For  Pb  analysis  in  steel 
samples  {14D,  15D)  addition  of  to  the  sheath  gas  was  found  to  aid  in  the 
removal  of  Cl  (by  forming  HCl  rather  than  PbCl , PbCl2.  or  FeCl2-  For  Pb 

analyses  in  NaCl  matrices  (160)  both  a high  non-specific  absorption  and  a 20% 

loss  in  sensitivity  over  distilled  water  standards  were  observed.  Addition  of 
HNOj  reduced  the  non-specific  absorption  (evolution  of  HCl  and  NaNO^)  but 
did  not  improve  the  sensitivity.  Co-volatilization  of  Pb  was  the  postulated 
cause.  Ottaway  (540)  maintains  that  although  a reducing  carbon  surface  can 

promote  metal  formation  by  reduction  of  the  metal  oxide,  these  reducing  condi- 

tions do  not  exist  except  at  the  atomizer  surface.  Therefore,  salts  which 
would  volatilize  before  the  reduction  step  was  thermodynamically  feasible 
would  be  atomized  only  by  a thermal  decomposition  process.  Matrix  salts  such 
as  chlorides  which  are  volatile  and  do  not  decompose  to  an  oxide  would  thus 
interfere  more  than  oxyanions  which  can  decompose  to  the  oxide.  Yasuda  and 
Kakiyama  (lOlD,  102D)  measured  molecular  spectra  above  a carbon  tube  atomizer 
at  temperatures  from  150°C  to  2600‘’C  and  found  SO2  and  NO2  from  sulfate  and 
nitrate  solutions  as  well  as  undissociated  metal  halide  spectra  (CrCl2.  C0CI2* 
MnF2,  Cu^Cl^*  CoBr2,  etc.)  from  halide  matrices.  Pritchard  and  Reeves  (630) 
found  alkali  halide  charge  transfer  spectra  to  comprise  most  non-atomic 
absorption  with  3 different  carbon  atomizers  (rod,  cup,  and  tube).  Only  small 
(non-Rayleigh)  scattering  signals  were  observed. 

Sturgeon  and  Chakrabarti  (760)  have  found  that  the  major  mechanisms  of  atom 
loss  for  a Perkin  Elmer  HGA  2100  carbon  furnace  are  condensation  on  the  cooler 
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extremities  (ca  60%),  loss  thorugh  the  sample  injection  port  (20%)  and  loss 
through  the  graphite  walls.  Using  a combined  kinetic  and  thermodynamic  approact) 
Sturgeon,  Chakrabarti  and  Langford  (79D)  have  proposed  mechanisms  of  atom 
formation  for  the  same  atomizer.  The  theory  assumes  that  an  analyte  surface  - 
gas  phase  equilibrium  exists,  that  atom  production  is  characterized  by  a unimoletular 
rate  constant  and  that  at  least  for  lower  temperatures  the  furnace  atmosphere 
and  walls  are  at  the  same  temperature.  For  measurements  taken  for  the  first 
few  hundred  milliseconds  of  atom  production,  atom  formation  was  found  to  occur 
either  by  thermal  decomposition  of  the  oxide  or  chloride  or  by  carbon  reduction 
of  the  metal  oxide.  For  a surprising  number  of  elements,  dimeric  species  appear 
to  exist.  Corrections  of  equations  and  graphs  (800)  and  in  the  proposed  atom 
formation  mechanism  for  A1  (no  mechanism  which  explains  the  data  is  given)  (8111) 
are  brought  to  the  reader's  attention. 

Hiroq  (30D)  has  measured  the  physical  size  of  copper  and  uranium  deposits 
on  a carbon  filament  by  monitoring  the  ion  current  after  bombarding  the  deposit 
with  an  0 ion  beam.  He  has  also  studied  the  size  of  the  atomic  vapor  cloud 
above  a carbon  filament  as  a function  of  atomization  temperature  and  carrier 
gas  flow  (29D). 

It  is  evident  that  although  a great  deal  of  effort  has  been  expended  in 
elucidating  the  exact  mechanism(s)  of  atom  formation  universal  agreement  has  not 
been  reached.  Results  seem  to  show  that  the  mechanism  of  atom  formation  is 
different  for  different  elements  (due  to  differing  oxide  stabilities,  pro- 
pensities to  volatilize,  be  reduced  by  carbon,  tantalum,  dimerize,  etc., 
different  matrices  (chlorides  and  oxides/oxyanion  moieties  showing  marked 
differences)  and  different  atomizers  (rates  of  heating,  atomizer  containment 
volume,  and  atom  loss  mechanisms  all  being  atomizer  dependent).  The  complexity 
of  this  problem  is  clearly  manifested  in  the  number  of  interferences  observed 
for  various  matrices  and  in  the  number  of  procedures  for  minimizing  or 
eliminating  matrix  effects. 

Interferences  in  electrothermal  atomizers.  Czabik  and  Matousek  (IID) 
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measured  atomization  temperatures  in  the  presence  of  various  anions.  Only 
phosphate  was  found  to  change  the  appearance  temperature  and  only  for  elements 
normally  atomizing  at  temperatures  lower  than  Sn.  They  conclude  this  supports 
two  mechanisms  of  atom  formation  reaction  with  carbon  at  low  temperatures  and 
thermal  decomposition  at  higher  temperatures.  Numerous  cations  were  found  to 
interfere  with  determination  of  Fe,  Co  and  Ni  (490).  Although  some  degree  of 
interference  was  noted  for  all  cations,  those  having  appearance  temperatures  near 


that  of  the  analyte  were  most  severe. 

Strong  acids  and  oxidants  were  found  to  suppress  the  atomic  absorption 
signals  of  Fe,  Co,  Ni,  Ag,  and  Cd  (88D)  and  reactivity  of  the  graphite  atomizer 
was  offered  as  the  major  cause  of  the  suppression.  Fuller  (20D,  17D)  has  re- 
ported that  HNO^  and  8280^  have  slight  suppressive  effects  on  T1  while  HCl  and 
HCIO^  cause  severe  signal  reduction.  Further,  in  the  presence  of  NaCl  which 
also  interferes,  H2S0^  reduces  the  effect  of  NaCl.  Both  positive  and  negative 
interferences  were  found  for  various  chlorides,  nitrates,  phosphates  and 
sulfates  on  the  absorption  signals  for  Cu  and  Mn  (71D).  Most  negative  inter- 
ferences were  affected  by  the  ash  time  and  temperature  and  were  therefore 
postulated  to  be  due  at  least  in  part  to  the  occlusion  of  the  analyte. 

Walsh,  et.  al . (89D)  found  that  as  absorbances  were  lowered  when  both  Na^  and 

-2  +2 
SO^  were  present  in  solution  and  that  addition  of  Mg  reduced  the  effect. 

Henn  (28D)  found  that  Mo  was  useful  in  eliminating  interferences  in  the  deter- 
mination of  Pb,  Cd,  and  Se  in  natural  waters.  Presumably  either  selenides  or 
heteropolymolybdates  were  formed  which  minimized  the  natural  matrix  effects. 

Vapor  phase  interferences  were  the  postulated  cause  for  the  suporession 
of  Li  by  CaCl2  (37D).  The  CaCl2  decomposes  and  LiCl  then  forms  unless  H2S0^ 
or  H^PO^  are  present  which  form  HCl  and  CaSO^  (PO4)  in  the  ash  cycle.  Ohta 
and  Suzuki  found  that  Mg  signals  are  depressed  in  the  presence  of  Cr  (53D) 
and  that  Pb  is  depressed  by  I",  or  carbamates  (52D).  Ashing  at  750°C 
or  more  minimized  the  interferences  caused  by  lead  or  copper  salts  on  the 
absorption  signal  of  Ag  (26D).  To  minimize  carbide  formation  in  the  determina- 
tion of  Ba  in  silicate  rocks,  Cioni,  et.  al.  (9D)  filled  the  atomizer  with  a 
slurry  of  Ti02  and  fired  it.  The  TiC2  formed  prevented  BaC  from  forming. 

The  analysis  of  Se  was  made  possible  by  the  addition  of  ascorbic  acid  or  Ni  to 
the  cup  (36D).  Se  metal  or  NiSe  are  preferentially  formed  rather  than  the 
volatile  Se02.  Ascorbic  acid  was  found  to  yield  both  rhombic  and  tetroganal 
PbO  when  heated  in  a crucible  with  Pb  (N02)2*  This  was  manifested  in  double 
peaks  in  the  analyses  of  Pb  in  ascrobic  acid  solutions  (48D).  Warren,  et.  al. 
(90D,  64D)  found  that  ascrobic  acid  in  fact  enhanced  Cu  and  Ga  signals  and 
eliminated  the  interference  of  Ca  Mg  Sr  and  Ba  on  Pb.  They  postulate  that 
finely  divided  carbon  is  formed  in  situ  which  enhances  the  MO+C  > CO+M 
mechanism  of  atom  formation.  Thompson,  et.  al . (840)  found  that  H2  ascorbic 
acid,  oxalic  acid,  NH^NO^  and  several  di^hio  carbamates  were  ineffective  i.i 
eliminating  matrix  interferences  in  river  water  analyses.  The  natural  water 


Hn 


samples  were  hiyh  in  ('.a  and  Mi)  content.  The  authors  found  tliaf  inlcrtetenies 
for  Pb  and  Cd  could  be  minimi/ed  by  loalini)  the  carbon  lube  with  la. 

For  a Ta  metal  atomi/er,  Uoda  (M/P)  found  that  interferivices  were  minimi /rd 
when  a low  dryiiuj  temperature  was  followed  by  as  rapid  a heatinp  rate  as 
possible. 

Weqscheider  et.  al.  utilized  factorial  experimental  desi()n  to  determine 

interference  effects  on  Pb,  Cd,  and  /n.  They  found  that  F and  the  cross 
-1 

term  F /PO^'  interfered  with  Zn  determinations  (^311)  and  that  these  inter- 
ferences were  stronijly  depi'iident  on  ash  time  and  tem)ierature  and  that  all 
mineral  acids  except  111  interfered  with  Pb  determinations  (ddll).  I hey  also 
found  that  Co,  Cr,  Ni,  Si,  Ik)  and  Zn  interfered  with  Pb  and  (somewh.it  surp  i s itni  1 v ) 
that  an  ash  temper.ituri'  ol  dO0"C  iiiiiiimi/ed  tlie  intert  ereiu  I's . Anderson  (AH) 
found  a severe  interference  of  on  Pb  lould  be  eliminated  I'y  the  additiiin 

of  la  to  the  analytical  solution. 

Instrumenf  .it  ion . Cox  (lOD)  describes  the  construction  ot  a simple,  useful 
transformer/ triac  b.ised  (lower  supply  for  small  i arbon  tube  atomizers.  The 
system  provides  feed  b.ick  control  of  the  heatiiu)  vi<\  ^ photodiode  network. 

Aspila  and  Cliynett  (SH)  describe  the  use  of  a seijuential  relay  timer  tor  auto 
zeroing  and  controlling  dry,  ash,  and  atomize  times.  Stoeppler,  et.  al.  {/.TD) 
developed  an  automated  sample  introduction  system  tor  a gr.iphite  furn.ice. 

Sample  "carry-over"  (memory  effects)  were  shown  to  t'o  minimal  using  Sr  tor 
radio  tracer  ex))er iments . Sperling  (/ZO)  modified  a carbon  furnace  by  using 
a guartz  window  on  one  end  to  :.iin  better  control  ol  the  gas  flow  and  hi'iice 
atom  cloud  in  the  furnact'.  Atanas'ev  (PH)  developed  a simple  powt*r  sigiply 
with  control  ot  time  and  temperature  being  reprodui  ible  within  Cti.iracteris- 

tics  of  a graphite  tube  atomizer  cafiable  of  oper.iting  in  tmth  an  isotliermal  and 
pulsed  heating  mode  were  described  by  Crushko,  et.  al.  (.'kU).  An  optical  system 
for  modifying  a flame  AA  tor  non-flame  work  was  dt'scribed  by  l.a  Croix  and 
Wong  (390).  the  system  pertormance  w.is  chei  ked  using  NllS  orchard  leavt's. 

W.itne  and  Woodritt  (dlD)  describe  a simple  device  using  .i  sol.ir  cell  tor  con- 
sf.int  temperature  monitoring  in  a Woodritt  turn, ice.  Iteiiroducibi  I i ty  problems 
at  tem|)era(ures  below  IDlKV’C  were  due  to  poor  s|H'itr.il  resjionse  ami  at 
temperatures  above  PtKHI'C  problems  were  due  to  severe  non  line.iritv  .uul  poor 
• ns  1 f ivi  ty.  1 he  advantages  ol  jiyrolytic  co.it  ings  on  gr.iphite  tutu'  .itomi.'ors 
••  discussed  liy  Sturgeon  and  Ch.ikr.ib.ir*  i (/Ml).  1 he  pyrol  v t i . .i  1 1 v coated 

h.ul  sligtitly  lowi'r  tie.il  imj  r.ites  tnit  redm  ed  .ito'si  -.it  ion  I inn's  since  t !u' 

1'1  not  dll  fuse  into  the  pyrolytii  coating  lucre. ised  '.ens  1 1 i v 1 1 es  were 
‘ • .•■  Me  .ind  V t'ut  not  for  Cd,  .'n.  Cu,  Al  or  Sn.  A sum  1 1 i .irbon  tube 
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furnace  system  with  a vacuum  monochromator,  EDL  source  and  inert  gas  purged 
optical  path  was  used  for  the  analysis  of  S in  solution  (10).  Although  non- 
linearity was  observed  for  absorbances  <0.3  less  than  1 ng  of  S was  quantifiable. 

Sample  Introduction.  Marinkovic  and  Woodriff  (45D)  examined  the  effects 

'VaaA/wva/va/vwvwvvv. 

of  the  sample  introduction  crucible  on  temperatures  in  the  Woodriff  furnace. 

They  found  that  optimal  results  were  obtained  for  crucibles  with  low  mass 
and  large  surface  areas  (to  enhance  radiative  heat  transfer).  Gregoire  and 
Chakrabarti  (240)  found  that  a rectangular  platform  of  pyrolytic  graphite 
for  sample  introduction  unto  a graphite  furnace  afforded  slight  enhancements 
for  Mo  and  V but  significant  decreases  for  Cu. 

Milled  chips  of  nickle-based  alloys  were  weighed  and  directly  inserted 
into  a graphite  furnace.  Using  alloy  based  standards  Pb,  Bi , Se,  Te,  T1  and 
Sn  were  determined  with  relative  standard  deviations  from  7 to  25%  (460). 

Lord,  et.  al.  (420)  analyzed  freeze  dried  tissue  samples  (fresh  water  mussels) 
by  direct  injection  of  the  solid  into  the  graphite  furnace.  To  facilitate 
weighing  of  the  small  samples,  naphthalene  was  used  as  a diluent.  Aqueous 
standards  were  adequate  for  most  elements  but  not  for  Pb  and  Zn. 

Several  groups  used  an  electrolytic  preconcentration  step  to  circumvent 

matrix  problems  and/or  low  concentrations.  Oeldime  (120)  plated  Hg  onto  a Pt 

wire  using  controlled  potential  coulometry.  The  Pt  wire  was  then  resistance 

heated  to  drive  off  the  Hg.  Using  this  procedure  10  ^^M  solutions  could  be 

analyzed  with  4%  relative  standard  deviation.  Dogan  and  Haerdi  (130)  used  a 

micro  column  of  Cu  powder  and  sample  volumes  of  10  to  1000  ml.  The  reaction 
+2  +2 

Cu  + Hg  -*■  Cu  + Hg  provided  efficient  and  rapid  separation  of  the  Hg. 

Lund,  et.  al . (430)  electro  deposited  Cd  at  -IV  vs  SCE  for  5 minutes  onto  a Pt 
wire.  The  wire  subsequently  was  resistance  heated  and  the  Cd  absorption 
determined  in  a quartz  windowed  cell.  The  procedure  effectively  separated 
Cd  from  a wine  matrix.  Thomassen,  et.  al.  (820)  used  exhaustive  electrolysis 
(15  hours)  at  -l.OV  to  deposit  Zn,  Cd,  Pb  and  Cu  onto  a graphite  rod  which 
was  ground  and  analyzed  in  a graphite  furnace.  Hoshino,  et.  al.  (310) 
used  a W wire  to  preconcentrate  traces  foralkali  salt  matrices. 

Cold  vapor  Hg  evolution.  Christmann  and  Ingle  (70)  have  investigated 
several  methods  to  prevent  or  minimize  losses  of  Hg  to  container  walls.  Ihey 
found  that  HNO^/Au  (111)  or  HN0.^/K2Crp0^  minimized  the  losses,  gold  being  more 
reproducible.  They  also  found  that  using  a column  of  heated  1mm  glass  beads 
ratner  than  a dessicant  was  a more  reproducible  procedure  for  elimination  of 
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water  mist  in  the  absorption  cell.  The  same  authors  (OD)  used  a standard 
(Ippm)  Hg  solution  for  the  indirect  determination  of  Sn  (II).  The  size  atid 
shape  of  the  peaks  evolved  were  critically  dependent  on  the  Hg  concentrat ion 
and  HNO^  was  found  to  interfere.  Pb  shot  was  added  to  all  samples  to  insure 
that  Sn  was  present  as  the  divalent  cation.  Organic  mercury  compounds  in  soil 
sediments  were  determined  by  a rather  complicated  method  (470).  The  sediments 
were  extracted  into  benzene,  glutathione  and  were  added,  and  the  Mq  hack 

extracted  into  H^O  (which  had  been  stored  >^1  week  to  assure  that  it  was  Hg  free). 

^ +2 

ihe  Hg  was  then  reduced  using  Cu  , NaOH,  SnCl^,  collected  on  gold  and  deter- 
mined in  a standard  cold  vapor  cell. 

Litman,  et.  al.  (40D)  recommend  using  Neutron  activation  analysis  if  possible 
due  to  losses  in  both  wet  ashing  and  freeze  drying  procedures.  Adsorption  onto 
glassware  was  minimized  by  washing  the  glassware  with  dichromate.  Al ter’nat i vr ly , 
a dry  ash/combustion  procedure  was  used  by  these  authors  and  others  (231))  with 
minimal  loss  of  Hg.  Koirtyoliann  and  Khalil  (38n)  found  that  '>lppm  Ag,  Au  or 
Pt  interfere  with  Hg  evolution  and  that  some  component  of  a polypropylene 
syringe  caused  premature  reduction  and  evolution  of  the  Hg.  They  recommend 
that  solutions  contain  a strong  oxidant  and  excess  Cl  . Thomerson  (830)  optimized 
an  AF  procedure  for  Hg  by  sheathing  the  outlet  of  the  cell,  restricting  the 
lamp  aperture  to  lower  specular  reflectance,  and  cooling  the  Hg  source  for 
stability.  Skidmore  (70D)  found  that  diluting  the  evolved  Hg  vapor  stream 
eliminated  the  need  for  dessicants  to  prevent  fogging  of  the  cell  windows. 
Narasaki,  et.  al.  (500)  found  enhanced  sensitivity  would  be  obyained  by  per- 
forming the  reduction  in  a stirred  Sn  (II)  solution  with  collection  of  the 
evolved  vapor  for  2 min  then  rapid  introduction  into  the  absorption  cell. 

Simpson  and  Nickless  (690)  used  a dual  cell  system  to  improve  throughput. 

They  also  recon»iiend  dichromate  and  HNO^  as  additives  to  the  solutions  to  pre- 
vent adsorption.  Littlejohn,  et.  al . (410)  found  that  complexation  of  the  Hg 
with  cysteine  was  effective  in  preventing  adsorption  attd  determined  "inorganic" 
and  "total"  Hg  in  urine.  Seeger  (660)  digested  lyophylized  mushrooms  in 
KMnO^/HClO^  for  1 hour  in  a polyethylene  and  found  7 to  2(r.'  loss  of  Hg. 

Several  procedures  using  NaBH^  as  the  reductant  have  been  reported  with 
somewhat  divergent  results.  Rooney  (650)  determined  fig  in  paint,  blood  and 
foodstuffs  using  acidic  borohydride  (no  Hg  evolution  occurred  from  basic 
solution).  He  found  that  Cu,  Pi,  Au,  Pt,  Pd,  Rh  and  Ru  interfered.  A small 
interference  from  Ag  was  believed  to  be  caused  by  Au  in  the  Ag.  l.yashenko  and 
Stepanov  (440)  used  borohydride  in  pH  ^12.5  solutions  and  found  rapid  evolution 
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and  interference  from  Ag. 

Hendzel  and  Jamieson  (27D)  developed  an  automated  system  for  analysis  of 
fish  tissues.  They  used  an  A1  block  on  a vibrating  hot  plate  for  the  digestion. 
The  digestion  mixture  was  1:4  HN02/H2S0^.  Pearce  et.  al  (59D)  compared  Teflon 
bowls,  Kjeldahl  flasks  and  glass  test  tubes  for  wet  acid  digestion  of  fish 
and  found  no  significant  differences.  They  also  found  no  Hg  loss  occurred  if 
the  fish  were  cooked  at  170°C  for  30  minutes  prior  to  digestion  which  is 
disappointing  to  at  least  the  Bostonian  author  of  this  review^ 

Hydride  evolution.  Yamamato,  et.  al . have  reported  several  methods  for 
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analysis  of  As,  Sb  and  Se  using  NaBH^  and  Zn  as  reductants.  They  found  the  acidic 
Zn  reduction  system  to  be  more  selective  than  borohydride  (990)  particularly 
for  As.  Most  interferences  which  occur  when  using  borohydride  may  be  eliminated 
by  the  addition  of  KI  (980).  This  procedure  was  shown  to  be  sensitive  and 
interference-free  for  the  determination  of  As  in  natural  waters  (1000). 

Ito,  et.  al . (350)  used  a Zn/HCl  system  to  determine  Sb.  The  detection 
limit  was  0.1  ng  and  HNO^  was  found  to  interfere.  Siemer,  et.  al.  (680)  used 
a borohydride  reduction  of  As.  Sample  solutions  were  highly  acidic  (HCl ) and 
contained  KI  to  insure  that  As  (III)  was  the  sole  As  species,.  rather  than 

Ar  or  N2  was  used  to  sweep  the  generated  H^As  into  a rich  H2/O2  or  H2/air  flame 
in  a long  path  (12cm)  quartz  tube  atomizer.  In  later  experiments,  Siemer  and 
Koteel  (670)  achieved  higher  sensitivites  for  As  and  for  Se  by  freezing  out 
the  hydrides  in  a liquid  N2  cooled  u tube  for  subsequent  introduction  into 
the  quartz  burner. 

Pierce  and  Brown  (610)  investigated  the  interference  effects  of  an  extensive 
array  of  anions  and  cations  on  As  and  Se  hydride  generation  and  flameless  AA 
procedures.  HNO^,  Sn,  Co,  Cu  and  Ni  were  the  strongest  interferants.  Broughton 
and  Fuller  (60)  also  investigated  the  effects  of  traces  of  transition  metals 
on  Se,  Te,  Bi,  As  and  Sb  hydrides.  They  found  that  there  were  minimal  effects 
using  an  electrically  heated  (850°C)  tube  atomizer.  Pierce,  et.  al.  (620) 
describe  an  automated  system  using  a proportioning  pump  and  auto  sampler. 

Excellent  agreement  with  results  from  a manual  system  were  obtained  for  both 
As  and  Se. 

Carbon  furnace  emission.  Hutton,  et.  al . (330)  determined  Ba  in  CaCO, 
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rocks  by  measuring  the  emission  from  a graphite  furnace  at  2700°C  CaOH  bands 
interfere  and  a background  correction  procedure  (wavelength  modulation)  was 
used.  Later  experiments  (560)  showed  that  addition  of  60  ml/min  H2  to  the  Ar 
purge  gas  also  eliminated  the  CaOH  interference.  Hutton,  et.  al.  (340)  also 
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observed  molecular  spectra  of  CN,  C2,  CaO,  SrO  and  MgO  in  the  furnace. 

Volatile  elements  may  diffuse  from  the  furnace  before  emission  occurs 
(57D).  This  problem  is  circumvented  by  using  a graphite  furnace  with  thin 
walls  at  the  ends  which  heat  more  rapidly  than  the  thick  center  where  the 
sample  is  deposited.  Ionization  has  been  shown  to  occur  in  furnaces  (55D)  and 
ionization  suppression  can  be  achieved  eg.  addition  of  Cs  to  Ba.  The  degree 
of  ionization  is  much  less  than  in  nitrous  oxide  acetylene  flames  and  results 
in  no  appreciable  change  in  signal.  Ottaway  and  Shaw  (58D)  have  found  the 
emission  signal  to  be  almost  exponentially  dependent  on  temperature  and  used 
modified  furnace  tubes  with  thinner  walls  to  achieve  higher  temperatures. 
Alder,  et.  al.  (3D)  determined  the  excitation  temperature  of  Fe  using  a two 
line  method  and  found  an  excitation  temperature  of  2450‘’K  with  a furnace  wall 
temperature  of  2420°K.  They  conclude  the  excitation  mechanism  is  purely 
thermal  and  report  detection  limits  from  5 to  150  pg  for  Al , Cr,  and  Mo. 
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Analytical  Comparisons  and  Figures  of  Merit 
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Comparison  between  atomic  spectrometric  techniques  and  other  methods  of 
trace  analysis  continue  to  be  made  and  generally  predictable  conclusions  are 
drawn.  Neutron  activation  seems  slightly  less  prone  to  matrix  interferences 
than  atomic  absorption  while  electrochemical  procedures  require  more  careful 
digestions  and  control  of  matrices.  Cost  per  analysis  discussions  generally 
reverse  the  order  of  the  preceding  list. 

Pierce,  et.  al.  (27E)  conducted  an  interlaboratory  study  on  the  determina- 
tion of  Cr  in  urine,  bovine  liver  and  wheat.  The  techniques  employed  were 
neutron  activation  - irradiation  for  100  hr,  distillation  as  chromyl  chloride 
and  precipitation  as  BaCrO^;  furnace  AA  which  required  HNO^/H^O^  digestion; 
and  gas  chromatography  which  required  derivitization  to  the  trifluoroacetylaceto- 
nate.  Wide  inter-lab  variations  were  observed  for  wheat  and  inter-  and  intra- 
lab variations  for  bovine  liver. 

Moauro,  et.  al.  (26E)  found  that  sensitivity  for  Mn,  Cu  and  Ca  was  higher 
for  NAA  than  AA  for  plant  tissue  while  the  reverse  was  true  for  Fe,  K,  and 
2n.  NAA  was  preferred  since  no  digestion  was  required.  Behne,  et.  al . (2E) 
compared  NAA  and  AA  for  the  determination  of  Cr  in  brewer's  yeast.  They  found 
that  direct  injection  of  yeast  into  a graphite  furnace  or  wet  digestion  yielded 
lower  results  than  NAA.  Only  AA  after  digestion  in  a pressure  bomb  compared 
favorably  with  NAA.  May  and  Presley  (24E)  analyzed  crude  oils  for  Fe  and  Ni. 

AA  yielded  results  which  were  higher  than  NAA  for  Ni  but  lower  for  Fe.  The 
same  authors  (23E)  analyzed  beach  asphalt  for  V and  found  flameless  AA  to  be  less 
precise  than  NAA. 

Several  studies  have  compared  x-ray  with  AA,  AE,  or  both.  Prager  and 
Groves  (28E)  determined  Pb  in  glassware  by  gravimetry,  xray  f lurorescence  and 
flame  AA.  The  AA  was  more  rapid  and  no  significant  difference  in  the  methods 
was  found  which  is  somewhat  suprizing  considering  the  spectra  overlap  of  Pb 
and  K lines  at  the  261.4  nm  line  used.  Kozlicka  and  Romanska  (17E)  determined 
Cu  in  ores  by  x-ray  fluorescence,  AA  and  titrimetry  and  found  no  significant 
difference  at  the  95^  confidence  level.  Brenner^ et.  al.  (8E)  analyzed 
silicate  rocks  by  AA,  o.c.  arc,  and  x-ray  fluorescence.  They  conclude  that 
observed  differences  in  a few  results  are  explicable  by  differences  in  sample 
preparation  and  the  precision  of  the  methods. 
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L'vov  (21E) 

I discusses  various  procedures  for  estimating  and  comparing  detection  limits 

I in  atomic  absorption.  Belyaev,  et.  al.  (3E)  compare  sensitivity,  precision 

and  detection  limits  for  graphite  atomizer  AA  and  AF.  They  find  that  AT 
has  lower  limits  of  detection  and  higher  sensitivity  but  that  the  precision 
of  AA  is  better  at  moderate  and  high  concentrations.  They  recommend  a dual 
channel  instrument  to  record  both  signals  simultaneously.  Belyaev  (4E)  also 
used  simultaneous,  d.c.  arc  emission,  flame  AA,  for  improvement  of  the  pre- 
cision in  rock  analysis.  Bower  and  Ingle  (6E)  demonstrated  that  the  precision 
of  flame  AA  of  Cu  is  not  limited  by  source  flicker  noise  or  signal  shot  noise 
or  the  typical  amplifier  readout  system  but  rather  by  noise  due  to  fluctuations 
in  the  transmission  properties  of  the  flame  (at  small  absorbances)  and  fluctions 
in  analyte  absorption  properties  at  large  absorbances.  The  same  authors  (7L) 
refined  procedures  for  evaluating  the  precision  of  flame  AA  analyses  and 
applied  the  evaluation  methods  to  9 elements.  Again,  at  moderate  absorbances, 
analyte  absorption  flicker  limits  precision. 

Milham  and  Short  (25E)  found  that  a +^2°C/day  temperature  fluctuation 
caused  as  much  as  a 0X)2  absorbance  unit  shift  in  a single  beam  AA.  Components 
i most  affected  were  the  photomultipler,  the  amplifier,  and  the  hollow  cathode 

j!  lamp.  Htthn  and  Jackwerth  (16E)  discuss  non  compensatable  background  (spectral 

j;  overlap,  etc.)  in  AA  and  demonstrate  the  problem  with  the  analyses  of  Au  in 

j InCl^* Hansen  and  Hall  (lOE)  describe  a general  "cure  all"  (or  most)  technique 

ji  for  reducing  ionization  and  interelement  interferences.  The  method  which  is 

Ij  simply  to  use  a 0.4%  CsCl  2%  HCl  matrix  for  everything  was  tested  for  14  elements 

j:  in  glass,  minerals  and  metals  with  interferent-to-analyte  ratios  of  33:1. 

j For  this  limited  excess  of  interferent  range  the  procedure  worked  well. 

li 

i. 

! 

Betty  and  Horlick  (5E)  describe  a simple  digital  filter  based  on  a 
; trapezoidal  function  which  was  utilized  for  smoothing,  differentiation, 

I resolution  enhancement  and  deconvolution  of  spectral  signals.  Hareland  (HE) 

discusses  analyses  and  characterization  of  noise  in  flame  spectroscopy. 

Hirschfeld  (15E)  discusses  all  of  the  above  terms  as  well  as  problems  of 
qualitation,  quantitation,  quantity  of  sample,  spatial  and  temporal  non- 
uniformity of  the  sample  etc.  using  simple  illuminating  models. 


Signals,  noise,  precision,  accuracy  and  detection  limits, 
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Szydlowski  (30E)  compared  a modified  AOAC  fluorometric  method  and 
flameless  AA  for  the  analysis  of  Se  in  corn  oil  based  infant  formulae. 

For  the  AA  procedure,  matrix  interferences  were  minimized  by  a wet  digestion/ 
solvent  extraction  method.  Recoveries  for  both  techniques  were  100/  and  re- 
sults agreed  within  experimental  error.  Kuentz,  et.  al . (19E)  analyzed  maple 
syrup  for  trace  mineral  content  by  dry  ashing  AA  and  simple  dilution  AA  methods 
and  found  such  high  variation  within  replicates  that  neither  procedure  was 
acceptable.  Timoshenko,  et.  al.  (31E)  compared  flame  (N2O-C2H2)  AA  and 
photometric  methods  for  Ca  in  steels  and  found  no  diffence  between  techniques. 

Beufays  and  Nagniot  (IE)  used  differential  pulse  polarography  and  AA 
for  the  analysis  of  Cd  in  water,  fertilizer  and  plant  digests  finding  equivalent 
results  for  both. 

Optimization.  Heineman  (13E)  discusses  the  influence  of  viscosity, 
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temperature,  salt  content,  and  surface  tension  on  the  efficiency  of  the  AA  deter- 
mination of  noble  metals  and  optimizes  these  and  other  parameters  (12E)  using 
minimum  standard  deviation  as  the  criterion.  Lange  (20E)  used  factorial 
analysis  to  identify  and  minimize  interferences  (specifically  oxide  formation) 
in  the  analysis  of  glass.  Krasel 'shehik  and  Shteinberg  (18E)  optimize  condi- 
tions by  defining  a parameter  proportional  to  the  sum  of  departures  of 
individual  response  parameters  (signal  sensitivity,  noise,  etc.)  from  ideality 
(noise  = 0,  sensitivy  « maximum  etc.).  Thus,  only  a single  parameter  needs 
to  be  optimized.  Magyar  and  Widmen  (22E)  develop  an  equation  which  predicts 
the  initial  slope  of  a calibration  curve  for  AA  based  on  such  parameters  as 
lamp  current,  spectral  bandpass,  and  construction  and  temperature  of  the 
atom  reservoir.  Garnys  and  Smythe  (9E)  analyzed  lead  in  whole  blood  by 
direct  deposition  of  the  blood  into  a graphite  cup  atomizer.  They  found  that 
addition  of  HNO^  minimized  non-specific  absorption  and  found  ash  remaining 
in  the  cup  after  a l/OO^C  firing.  Some  of  the  ash  (which  caused  a decay  in 
signal  as  it  built  up)  could  be  removed  using  a pipecleaner  followed  by  a 
2200°C  firing. 

Raikhbaum,  et,  al.  (29E)  developed  an  empirical  equation  for  generating 
absorbance  vs  concentration  curves  which  includes  atom  transfer,  evaporation 
rate,  and  atom  loss  rate  terms.  Henrion  and  Raguse  (14E)  used  Cr  as  an  internal 
standard  for  Ag  analysis  by  fl amephotometry.  The  Cr  was  also  used  to  aid  in 
optimizing  flame  and  sample  solution  properties.  Error  was  reduced  600/. 
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Elimination,  Discussion  and  Discovery  of  Interferences 
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Dawson  and  Keir  ( 40F ) reviewed  the  various  types  of  interferences 
most  prevalent  in  flameless  atomic  obsorption,  arc,  spark,  and  flame 
spectromentry.  Volke  (149F)  describes  a procedure  for  preparing 
calibration  curves  for  Na  and  K which  take  into  account  their  mutual 
interferences.  A programmable  calculator  can  then  be  used  to  determine  the 
correct  concentrations. 

Spectral  interferences  were  investigated  in  detail  by  Daidohji  (39F  ). 

Flame  emission,  molecular  absorption  and  atomic  absorption  spectra  were 
recorded  for  the  200  to  400  nm  spectral  region.  Sie'tsema  (140F)  found 
that  the  uv  spectrum  of  NaCl  present  in  the  flame  pour  serum  samples  was 
strongly  enhanced  by  HCl  and  trichloroacetic  acid.  Haraguchi , et.  al . 

( 60F)  found  HCl,  HBr  and  HCIO^  interfere  with  In  determinations  by  flame 
AA.  The  cause  was  formation  of  diatomic  indium  halides.  They  (60. 5F)  also 
found  that  indium  oxide  shows  molecular  absorption  occuring  via  photodissociation 
in  the  flame.  Further  studies  by  these  investigators  (157F)  showed  molecular 
absorption  spectra  from  SrCl  or  SrBr  dissociation  in  the  flame.  Massmann,  et.  al . 
( 97F)  show  that  if  the  molecular  abso"ption  spectrum  and  the  spectral 
transmission  profile  of  the  monochromator  are  known,  reasonable  corrections  for 
background  structure  can  be  made. 

Lovett,  et.  al.  (94F  ) discuss  problems  associated  with  spectral 
overlap  in  atomic  absorption  including  direct  spectral  overlap,  multiple 
absorbing  lines  in  the  landpass,  flame  emission,  molecular  absorption  etc. 

Panday  and  Ganguly  (122F)  have  reported  the  spectral  overlap  of  Tb/Mg  lines 
(285.21nm)  and  Cr/Os  lines  (290.91  nm).  Maruta  and  Sudoh  ( 96F  ) used  the 
partial  overlap  of  Ge  and  Ca  (422. 7nm)  to  analyze  Ca  in  cements  (Ge  hollow 
cathode)  without  having  to  make  excessive  dilutions.  Grosser  ( 35F  ) reviews 
interference  effects  in  flame  AA  and  notes  that  interpolation  of  reported 
results  of  incomplete  studies  is  a source  of  error.  Jedrzejewska  and 
Malusecka  ( 72F  ) found  that  carriers  often  used  in  coprecipitation  preconcentra- 
tion procedures  (Fe,  La,  Fe)  do  not  interfere  with  Cr,  Mn,  Sb  a Fe  determinations 
if  the  precipitate  is  dissolved  in  flCl  but  do  depress  signals  in  H2SO4. 

Grosser  and  McLeod  ( 38F  ) also  find  that  interferes  with  Mg,  Co  and  Ni . 
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Helson  and  Hermans  (65F  ) find  an  interelement  effect  of  Cu  on  Ni.  In  lean 

flames  Cu  enhances  the  signal  in  rich  flawes  it  is  a suppressant. 

Fujiwara,  et.  al . find  that  certain  ligands  (CN",  EDTA,  oxalate)  interfere  with 

first  row  transition  metals  in  a fuel  rich  flame  but  not  in  a lean  flame  (49F). 

The  valence  of  Cr  is  reported  to  strongly  affect  results.  Three  investigations 

C26F ,88F ,37F)  f'ind  that  Cr  (III)  is  more  sensitive  than  Cr  (VI).  It  was  also 

shown  ( 88F)  that  an  air/C2  H2  flame  is  more  sensitive  for  Cr  than  N2O/C2H2  but 

that  the  latter  is  less  affected  by  the  Cr  valence.  In  acetone  containing 

-2 

solutions,  the  signal  for  Zr^-j  is  dependent  on  the  acetone  content  the 
signals  for  Cr20^^  or  Cr  (III)  are  not  ( 26F)-  The  effects  of  Fe,  Al , Si, 

Ca,  Mg,  Mn,  K,  Na,  HCl , HCIO^,  HNO^,  HOAc,  NH^OAC  and  BaCl2  on  the  determination 
of  Cr  in  soils  by  AA  were  determined.  For  the  air/C2H2  flame,  acids  < IM 
did  not  interfere,  in  N2O/C2H2  flames  only  K,  Na,  Bad 2 and  HOAc  interfere  (25F). 
Fuel  rich  flames  were  found  to  minimize  the  effects.  Oguro  (117F)  studied  the 
effects  of  ammonium  halides  on  16  elements  finding  several  substantial 
interferences.  The  postulated  cause  in  reactions  occuring  in  cooler  flame 
regions.  Park  (123F)  reports  mutual  interferences  of  alkali  and  alkaline 
earth  elements  in  their  determination  in  silicates.  He  finds  the  effects 
become  nearly  constant  at  high  interferent  concentration  and  recommends 
addition  of  large  excesses  to  samples  and  standards.  Cioni,  et.  al.  ( 32F) 
found  that  interferences  in  the  determination  of  Ba  in  silicates  was  so 
severe  ion  exchange  separation  was  manditory.  Musil  and  Nehasilova  (109F) 
report  numerous  interferences  in  the  determination  of  Si  in  the 
N2O/C2H2  flame  (Ti,  Al , Alkali  metals  enhance,  H2S0^,  V,  Fe,  Ni , Mn  suppress). 
Ostroumenko  and  Eremenko  (120F)  find  dramatic  suppression  of  Co  and  Fe  by 
H2S0^  and  H^  PO^  in  air  C2H2  flames.  The  effects  are  independent  of  flame 
tmmperature  by  strongly  dependent  on  C2H2  implying  metal  carbide  formation. 

Sebor  and  Lang  ^(135F)  found  that  analyses  for  V in  petroleum/ xylene  solutions 
were  unaffected  by  < 400  ppm  I,  Br  or  Cl. 

Ammonium  perchlorate  was  found  to  enhance  the  signal  .of  several  elements. 
Oguro  found  that  it  enhanced  Yb  (118F),  Cr(ll4F)  an  Eu  (113F)  signals  and 
eliminated  all  interferences  except  Al , Na,  8280^  and  H^PO^  for  the  flame 
AA  analysis.  All  interferences  except  Al (were  eliminated  in  the  flame  emission 
analysis  of  Yb  (115F)  and  Eu  (II6F).  Numerous  action  interferences  were  found 
in  the  AA  analysis  of  V (125F).  All  but  those  of  Tl  were  eliminated  by  addition 
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of  Img/mL  A1 . The  interference  of  various  metals  in  Co  based  alloys  on  the 
AA  determination  of  W were  minimized  by  making  solutions  and  standards  2%  Na^SO^  (44F). 

Kodama,  et.  al . (86F)  found  a 120%  enhancement  of  the  AA  signal  for  Cr  when 
sodium  dodecyl  sulfate  was  added.  The  signal  increased  linearly  with  dodecyl 
sulfate  concentration  until  the  critical  nicelle  concentration  was  reached. 

Nicolas  and  Jones  (112F)  found  dithiocarbamate  to  eliminate  interelement  inter- 
ferences when  determining  noble  metals  by  AA.  Heineman  performed  a series  of 
noble  metal  interference  studies  and  found  Rh  interferes  with  Pd,  Rh  does  not 
(61F);  Pd  and  Rh  interfere  with  Pt  (62F);  and  Pd  and  Pt  interfere  with  Rh  (63F). 
Dependino  on  conditions  La,  U or  Ca  are  sometimes  effective  as  buffers. 

describes  a temperature 

programmable  furnace  for  ashing  food  samples  with  minimal  volatility  losses. 

Tsutsumi,  et.  al.  (143F)  ashed  cereals  at  490°C  in  glass  then  added  acid  to 
solubilize  the  ash,  extracted  into  MIBK  and  analyzed.  Wiercinski  and 
Szewczuk  (151F)  compared  wet  and  dry  ashing, freeze  drying  and  simple  dilution 
of  bovine  serum  for  Cu,  Zn  and  Fe  analyses.  The  dry  ash  gave  unacceptably 
low  results.  Meyer  and  Meyer  (lOOF)  found  that  while  dry  ashing  bovine  liver 
in  porcelain  crucibles,  Ca  was  leached  from  the  crucible.  Wuyts,  et.  al.  (155F) 
found  that  Cu  is  also  leached  from  procelain  crucibles  but  Zn  is  not. 

Nicholson  (lllF)  used  a dry  ash  procedure  with  a gold  collector  for  analyses  of 
Hg  in  rocks,  soils  and  sediments.  Koirtyohann  and  Hopkins  (87F)  (in  a clear 
case  of  discrimination)  fed  adult  male  rats  radiotracers  then  sacrificed  and 
analyzed  them.  There  were  no  losses  on  drying,  no  volatility  losses  at  <^600°C 
and  only  Cr  was  volatilized  from  blood  at  700°C.  Upon  dissolution  of  the  ash 
in  acid,  however,  a significant  amount  of  radiotracer  remained  in/on  the 
crucible.  Menden,  et.  al.  (99F)  used  rat  pups  for  a dry  ashing  procedure 
(300°C  for  5 hours,  400°C  for  24  hours)  then  compared  various  ash  dissolutions 
procedures  utilizing  aqua  regia  and  sequential  HCl , HNO^  addition.  They  found 
no  difference  in  the  dissolution  procedures.  Michette,  et.  al . (lOlF'  found  that 
low  temperature  ashing  altered  the  form  of  some  salts  and  minerals  (e.g.  partial 
oxidation  of  FeS)  but  not  for  most. 

Jackwerth  and  Messerschmidt  {69F)  only  partially  dissolved  Ga  samples  in 
HCl/HNOj-  Elements  more  noble  than  Ga  remain  in  or  are  rereduced  onto  the  Ga 
(e.g.  Ag,  Au,  Bi,  Co,  Cu,  Fe,  Hg,  Ni , Pb,  Pd,  Sn).  When  ca.  5 mg  of  Ga  is 
left  it  is  removed  and  dissolved  yielding  up  to  1000  fold  preconcentration  of 
traces. 

Delves  (41F)  added  (NH^)^PO^  to  blood  and  then  analyzed  the  blood  for  Cd 
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using  the  Delves  cup.  The  NH^  aided  in  removing  NaCl  and  the  PO^  retained  the 
Cd  sufficiently  so  the  Cd  absorption  peak  was  separated  from  the  background 
absorption.  Wiercenski  (150F)  compared  10  methods  of  serum  preparation  from 
simple  dilution  to  dry  ashing.  The  highest  readings  for  Ca  and  Mg  were  from 
a simple  trichloroacetic  acid  denaturization.  The  lowest  Ca  value  was  for 
simple  dilution  the  lowest  Mg  for  samples  0.1  M in  HCl . 

Eggimann  and  Betzer  (45F)  used  sealed  teflon  bombs  and  a HC1:HN02:HF 
(15:5:1)  acid  mix  for  decomposition  of  refractory  material  suspended  in  sea 
water.  Since  boric  acid  was  not  necessary,  blanks  were  low  as  were  interferences 
for  non-flame  AA  determinations. 

Assarian  and  Oberleas  (lOF)  found  that  the  washing  procedure  followed  for 
hair  samples  drastically  affects  the  results  obtained.  A detergent  wash 
removed  most  Mg  and  Zn,  Hexane/ETOH  lowered  Mg,  and  acetone/diethyl  ketone/ 
detergent  removed  Cu. 

Barredo  and  Diez  (IIF)  found  that  silicate  rock  fused  in  LiCO^/H^BO^, 
dissolved  in  HNO^,  complexed  with  EDTA  and  run  gave  satisfactory  results  with 
no  buffers  or  releasing  agents  necessary. 

Ghiglione,  et.  al.  (51 F)  use  a water  immersed  spark  to  generate  colloid-like 
suspensions  of  metals  which  may  than  be  used  for  analysis  by  AA.  The  method 
is  rapid  (ca  2 min)  and  the  suspensions  stable  for  a few  hours. 

Zasoski  and  Buran  (158F)  find  HNO^  (overnight),  heated  for  1 hour  then 
HCIO^  added  and  heated  at  200°C  until  fuming  stops  is  satisfactory  for  plant 
and  animal  tissue  digestion.  McHand,  et.  al . t98F)  added  HNO^  to  frozen  orange 
juice  concentrate  and  determined  Ca  without  needing  La  to  remove  PO^. 

Musil  and  Dolezal  (108F)  compared  mineral  acids  and  combinations  for  wet 
digestions  of  NBS  orchard  leaves.  HNO^  or  H^SO^/HNO^  were  best. 

Chapman  and  Dale  (31F)  reacted  Band  Si  samples  with  CuOHF  forming  volatile 
fluorides  for  direct  injection  into  a flame  for  emission  (B)  or  absorption 
(Si)  analysis. 

Gladney  and  Apt  (52F)  found  Ir  solutions  to  be  unstable.  Os  and  Ru  are 
much  less  prone  to  decomposition. 

Extraction  Procedures.  A comprehensive  review  of  extraction  techniques 
used  for  atomic  absorption  and  emission  has  been  published  by  Kuzmin,  et.  al. 
(90F).  The  effects  of  solvents  used  for  extractions  are  discussed  by  Kim  (83F). 
Surfactants  (anionic,  cationic  and  non-ionic)  were  found  to  have  little  effect 
on  ammonium  pyrolidine  di thiocarbamate  extractions  (APDC))  into  MIBK 
methyl  isobutyl  ketone  (121F).  The  same  extraction  system  was  utilized  for 
heavy  metal  determinations  in  plant  tissue  diqest(130F).  Agemian  and  Chau  (If) 
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compared  EDTA,  HCl , HNO3,  HNO3  + HCIO^,  HC1  + HNO3  and  HF,  HNO3,  HCIO^  as 
extraction  media  for  trace  metal  leaching  from  lake  sediments. 

Berndt  and  Jackwerth  (21 F)  formed  phenanthroline  complexes  of  trace  metals 
in  Mn  and  Mn  compounds.  These  chelate  complexes  were  coprecipitated  with  Agl 
which  was  filtered  and  leached  with  HNO3.  Mn  did  not  complex  and  was  not 
precipitated.  Berndt,  et.  al.  (22F)  also  formed  complexes  with  potassium 
xanthogenate  in  high  Mn  containing  solutions.  Again,  Mn  does  not  complex. 

The  complexes  were  removed  by  slurrying  the  solution  with  activated  charcoal 
and  filtering.  The  charcoal  was  leached  with  HNO3.  Jackwerth  and  Wilmer  (70F) 
analyzed  Cu  salts  by  first  eliminating  the  matrix  by  precipitation  as  CuS  from 
sample  solutions  3M  in  HCl.  The  precipitate  was  boiled  in  HNO3  and  the  diluted 
HNO3  solution  analyzed.  Bately,  et.  al.  (13F)  electrodeposited  heavy  metals 
onto  pyrolytically  coated  graphite  tubes  which  were  then  used  for  furnace  AA. 
Lund,  et.  al.  (95F)  electrodeposited  trace  metals  onto  a Pt  wire  which  was 
then  inserted  into  an  air/  fl^me  for  AA  analysis  . 

Other  extraction  methods  are  listed  in  Table  II. 


AA  as  a chromatoaraDhy  detector.  The  specificity  of  AA  makes  it  attractive  as 
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a chromatography  uecector  for  chelates  and  organoma tallies.  Fernandez  (46F) 
reviews  both  gas  and  liquid  chromatographic  applications  of  AA,  particularly 
for  the  usefulness  of  these  techniques  for  speciation  studies.  Van  Loon  and 
Radzuik  (148F)  describe  a quartz  atomization  cell  for  such  GC/AA  studies.  These 
authors  (126F)  also  have  used  GC/AA  for  analysis  of  alkyl  selenium  compounds. 

Wolf  {152F,  153F)  discusses  the  determination  of  chromium  fluoroacetonylacetonates 
by  GC/AA  (flame).  Parris,  et.  al.  (124F)  used  GC/AA  for  the  analysis  of  methylated 
As,  Se  and  Sn  compounds.  Chan,  et.  al.  (29F)  have  developed  a GC/AA  procedure 
of  tetraalkyl  lead  compounds.  A silica  furnace  atomizer  is  used.  Robinson, 
et.  al . (127F)  discuss  the  atomization  processes  for  alkyl  lead  compounds  in 
furnace  atomizers.  Van  Loon,  et.  al.  (147F)  describe  the  use  of  a non-dispersi vn 
AF  spectrometric  technique  for  chromatogaphy  and  discuss  the  multielement  capa- 
bilities of  the  system. 

Botre,  et.  al.  (24F)  used  high  performance  liquid  chromatography  (HPLC/AA) 
for  the  determination  of  lead  alkyls  in  gasoline.  Jones  and  Manahan  (75F)  discuss 
the  HPLC/AA  determination  of  copper  chelates  of  ami  nocarboxyl ic  acids  (EDTA, 

NTA,  EGTA,  CDTA)  and  the  detection  limits  to  be  expected  for  the  procedure  (74F). 
Jones,  Tung  and  Manahan  (76F)  demonstrate  that  the  mobile  phase  used  in  HPLC/AA 
may  affect  nebulization  efficiencies,  flame  temperatures  and  flame  reduction 
characteristics. 

Indirect  determinations.  The  determination  of  non-metallic  species  by 
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various  indirect  methods  are  Summarized  in  Table  III. 

Other  Techniques  and  Procedures 

OAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA. 

Hannaford  and  Lowe  (56F)  determined  boron  isotopic  ratios  using  Ne  filled 
electrodeless  discharge  lamps  as  sources  for  the  AA  analysis.  They  found  that 
a sputtering  cell  was  superior  to  a N2O/C2H2  flame  for  the  analysis.  Chapman 
and  Dale  (30F)  used  a dual  beam  AA  for  Li  isotope  analysis.  One  beam  was  a 
^Li  enriched  hollow  cathode  while  the  other  contained  Li  isotopes  in  natural 
abundances.  Heilig  (64F)  published  an  extensive  bibliography  of  experimentally 
determined  isotope  shifts. 

Fowler  and  Winefordner  (48F)  investigated  the  background  fluorescence 
spectra  obtained  using  an  ElMAC  Xe  arc  continuum  source  for  AFS.  Even  using  an 
Ar  separated  air/C2H2  flame  bakegrounds  were  high  unless  precautions  were  taken 
(e.g.  removal  of  PH^  from  the  C2H2). 

Omenetto,  et.  al.  (119F)  presented  a theoretical  discussion  of  what  advantages 
pulsed  vs.  continuous  wave  source  AFS  may  have  (if  any).  They  conclude  that,  a 
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slight  advantage  may  be  realized  i_f  the  system  is  optimized.  Johnson,  et.  al. 
(73F)  find  that  due  to  source  instability  a pulsed  EIMAC  offers  no  improvement 
over  the  same  source  in  the  CW  mode.  Haarsma,  et.  al.  (55F)  found  that  HCIO^ 
added  to  surface  water  samples  reduced  the  scattering  in  flame  AFS  for  Cd  and 
Zn.  Scattering  was  too  severe  to  permit  analysis  of  Cd  in  sea  water.  Hannaford 
and  Lowe  (57F)  found  experimental  evidence  for  rare  gase  quenching  in  AF. 

Campeil,  et.  al.  (27F)  describe  a non-dispersive  AF  system  for  the  analysis  of 
Hg. 

Molecular  emission  cavity  analysis  has  been  quite  useful  in  the  analyses 

of  both  organic  and  inorganic  moieties.  Two  useful  reviews  of  the  technique 

have  appeared  (16F,  20F).  Alder,  et.  al.  (8F)  have  determined  S in  oils  and 

fuels  by  charring  the  oil  with  sodium  metal,  dissolving  the  residue  in  acid  and 

sweeping  the  evolved  H2S  into  an  Ar/H2  flame.  Al-Abachi,  et.  al . (5F)  have 

simultaneously  determined  mixtures  of  S containing  anions.  Belcher,  et.  al. 

(15F)  determined  Cd  in  an  air/H2/N2  flame  using  either  a carbon  or  stainless 

steel  cavity.  Anionic  interferences  were  removed  by  addition  of  8280^  but  Fe, 

Cr,  Mg  and  Sn  interfered.  Belcher,  et.  al.  (17F)  recorded  spectra  of  several 

metal  halides  in  a stainless  cavity  but  found  all  (except  Cd)  were  too  weak  to 

be  analytically  useful  in  most  instances.  Narine,  et.  al.  (IlOF)  determined 

chloroinated  pesticides  by  decomposing  the  pesticide  in  an  oxygen  flask  and 

trapping  the  evolved  HCl.  The  HCl  solution  was  palced  in  an  In  lined  cavity 

and  the  InCl  intensity  monitored.  Akpofure,  et.  al.  (4F).  determined  inorganic 

and  organic  tin  compounds  using  SnO  emission  in  the  cavity.  Al-Abachi  et.  al. 

(6F)  analyzed  carbonyl  compounds  by  addition  of  SO,  to  the  sample.  The  addi- 

-2 

tion  compounds  formed  unit  later  than  free  SO^  in  the  flame.  The  molecular 
fluorescence  (59F)  and  molecular  absorption  (58F)  of  PO  in  flames  has  been 
measured.  The  PO  absorption  band  at  246  nin  was  used  to  determine  P in 
nucleotides.  Henrion,  et.  al.  (66F)  analyzed  halohydrocarbons  by  monitoring 
a CuCl  band  at  437  nm.  Linton  and  Broida  (92F)  measured  the  flame  chemilumine- 
scence of  T^O  induced  by  N^O,  NO,  NO2,  CO2  and  O2.  They  also  measured  the 
laser  induced  photoluminescence  of  T.O  (93F)  using  dye  and  Ar-ion  lasers. 

Schanker,  et.  al.  (137F)  measured  the  chmiluninescent  spectrum  of  S^.O  in  flames. 
The  S^.O  was  formed  form  SiCl4  and  0 atoms. 

Belcher,  et.  al.  (19F)  used  candoluminescent  emissions  in  an  air/H2/N2 
flame  for  the  analysis  of  Eu  and  Ce.  The  emissions  were  activated  by  an  acidified 
CaO-CaSO^  matrix.  They  found  that  enhanced  sensitivites  were  obtained  if  the 
sample  and  matrix  were  heated  in  the  flame  (20  to  40s),  removed  then  re-inserted 
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for  analysis.  Belcher,  et.  al.  (18F)  determined  Mn  in  an  air/H2/N2  flame. 

The  CaO-CaSO^  matrix  was  packed  into  the  heads  of  Allene  screws,  sample  solu- 
tions spotted  on  the  activator,  and  the  screw  inserted  into  the  flame.  Transi- 
tion metals  interfere  and  Cl  enhances  the  emission.  Corredor  and  White  (34F) 
utilized  the  candoluminescence  of  Tb  in  silicate,  borate,  and  phosphate  glasses 
for  Tb  analyses. 
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Table  II.  Extraction  Methods 


Metals 

Determined 

Extraction 

Reagent 

Solvent 

Method 

Reference 

Ag,  Au 

phenyl 

thiourea 

MIBK, 

butanol+chloro- 

form 

flame  AA 

14i 

Ag 

Aq,  Cu, 
Au 

As(III) 
As(V)  + 

T1 

As(II) 

dithizone 
diphenyl  thiourea 
ion-exchange 

APDC  pH  4-6 

APDC  (IMHCl) 

ethylnitrate 

chloroform 

acetone/HCl 

nitrobenzene 

nitrobenzene 

flame  AA 
flame  AA 
flame  AA 
flame  AA 
flame  AA 

8SF 

141F 

136F 

156F 

156F 

As,  Cd, 

Cu,  Sb,  Se 

comparison  of  several  systems 

flame  AA 

?8F 

As,  Cr, 

Pb 

Zr(0H)3 

coprecipita- 

tion 

flameless 

AA 

1341 

Cd,  Cu, 

Pb 

KI 

MIBK 

flame  AA 

144F 

Cd,  Cu, 

Mn,  Pb,  Zn 

ion  exchange 

HNO3 

flame  AA 

133F 

Cd 

dithizone 

chloroform 

flameless 

AA 

145F 

Cd,  Co, 

Cu,  Ni,  Zn 

dithizone 

chloroform 

flame  AA 

9F 

Cd 

dipivaloyl- 

methane 

MIBK 

flameless 

AA 

91F 

Co 

nitrosonaphtol 

coprecipitation, 

MIBK 

flame  AA 

inzF 

Co 

NH^SCN 

MIBK 

flame  AA 

?3F 

Cu,  In, 

Fe,  Sn 

tri-n-acetyl amine 
(5M  HCl) 

benzene 

flame  AA 

42F 

Cr(VI), 

VI) 

Cr(III  + 

anion  exchange 
resin 

flame  AA 

36F 

Hg 

MnO^  (solid) 

trapped  Hg 
from  air 

cold  vapor 

• AA 

71F 

Mo,  Re, 

W 

alkyl  amines 

chloroform 

flame  AA 

84  F 

Mn 

diethyldithio- 

carbamate 

MIBK 

flame  AA 

138F 

Mn 

Mn 

SCN  , trioctyl- 
methyl  ammonium 
benzvl xanthate 

ethyl  acetate 

MIBK 

flame  AA 

flame  AA 

53F 

2F 

Nb,  Ta 

HF,  HpSO^ 

MIBK 

flame  AA 

89F 

Pb 

4-benzoyl -3-methyl  - 
1 -phenyl -5- 
pyrazolone 

MIBK 

flame  AA 

3F 

Sb 

flame  AA 

146F 

Te 

coprecipi tation  with  As(0) 

flame  AA 

S4r 

W 

SCN" 

MIBK 

flame  AA 

lORF 

Zn 

activat(?d  charcoal 

HCl 

flame  A A 

1421 

Table  III.  Indirect  Determinations 


Species 

Determined 

Procedure  1 

Reference 

F- 

monitor  F" interference  on 

Mg+2  as  function  of  pH 

47F 

S 

oxidizes  in  plant  tissue  to  SO^^, 
precipitate  Ba304,  measure  Ba'*’^ 

12F 

precipitate  BaS04,  measure  Ba’’”*' 

50F 

“4 

precipitate  PbS04,  filter  into 
carbon  cup,  use  furnace  AA  for  Pb 

139F 

Biuret 

in  stong  base  Cu  forms  a biuret 
complex.  Filter  off  Cu(0H)2 
measure  Cu 

154F 

Biuret 

a comparison  of  Cu/AA  procedure 
with  AOAC  methods 

33F 

Folic  acid 

oxidize  with  KMn04  complex  product 
with  Ni,  extract  into  MIBK 

80F 

Amino  acids 

form  Schiff  bases,  complex  with 

Cu,  extract 

82F 

Histidine/methionine 

Schiff  bases,  Cu  complex 

81 F 

benzyl  penicillin 

ion  pair  with  Cd-1 ,10-phenanthro- 
line  complex,  extract 

79F 

CN" 

filter  sample  (neutral)  through 
CuCN,  get  Cu(CN)2  complex 

77F 

F (in  fluoro  organics) 

decompose  with  sodium  biphenyl 
add  Fe(SCN)g3  extract  excess  Fe 
with  MiBK 

78F 

noscapine 

add  Reinecke's  salt,  extract, 
measure  Cr 

102F 

aldehydes 

add  Tollen's  reagent,  measure  Ag 

104F 

nitro  compounds 

reduce  with  Zn  dust,  add  Tollen's 
reagent  to  resulting  hydroxylamine 
solution 

106F 

alcohols 

add  Crl3  and  pyridine  to  benzene 
solution,  measure  Cr  in  solution 

105F 

polyhydric  alcohols 

add  HIO4,  precipitate  IO3  with 

Ag,  measure  Ag  in  solution 

103F 

germanium 

form  molybdogermanic  acid, 
extract,  determine  Mo 

128F 

quarternary  amines 

complex  with  excess  dioctylsulfono 
succinate,  extract  that  remaining 
as  Cu  orthophenanthrol ine  complex, 
measure  Cu  in  extract 

- 7F 

Table  III  (Continued) 


Species 

Determined 

Procedure 

Reference 

CS2 

trap  in  KOH,  remove  H2S  with 

Cd,  form  Cu  xanthate 

129F 

P 

form  molybdophosphoric  acid, 
extract,  determine  Mo 

esF 

so‘2 

titrate  with  Ca,  measure 
inhibition  of  Ca  signal 

131F 

sio’^  po'^  so-2 

Ca  inhibition  titration 

132F 
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